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STATIC AND DYNAMIC STUDIES OF MOLECULAR
ORIENTATION OF SEMICRYSTALLINE POLYETHYLENE
Su Don Hong, B.S., National Taiwan University
M.S., University of Waterloo
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ABSTRACT
Values of the anisotropy of polarizability of methylene groups
deduced from the refractive indices of n-paraffin crystals differ
appreciably from those obtained from gas or liquid phase measurements,
The differences are attributed to the erroneous application of the
Lorenz-Lorentz internal field to the anisotropic crystal. A more
detailed calculation of the internal field is carried out by detailed
summation of the dipolar field over an idealized n-paraffin crystal
in which the molecular chains are replaced by anisotropic rods.
Based upon reasonable values of parameters and assumed crystal
shape, the discrepancy in polarizability anisotropy is resolved.
The values of segment polarizability anisotropy obtained from
the stress-optical coefficients for undiluted rubber networks are
higher than those obtained for diluted rubber networks. The effect
of swelling solvent on the stress-optical coefficient can be
interpreted in terms of its role in separating chains from each
t
vii
other and in itself being oriented by the polymer chain. The
enhancement of the stress-optical coefficient for undiluted networks
arises in part from mutual orientation of segments by their neighbors
and in part from the anisotropy of the internal field arising from
local order. All of these effects are interpretable in terms of
relatively short range interactions and do not require the relatively
long range ordering of a type proposed in some recent theories.
The effects of birefringence and internal field on optical
dichroisrn was examined by solving the Maxwell's equation. The solution
was applied to three morphologically different samples: (1) Single
crystals, (2) Amorphous polymer and (3) Polycrystalline polymer
for the consideration of the effect. The correction factors have
been obtained and the processes of correction have been discv.ssed.
The change in crystallinity accompanying stretching and the
dynamic crystallinity change accompanying small amplitude variation
have been followed by a modification of an x-ray method proposed
for uniaxial orientation by Ruland. The change in crystallinity
accompanying stretching and during relaxation at constant length
have also been followed by infrared technique using crystalline
sensitive bands. It was found that there was no significant variation
in crystallinity up to 80 % sample elongation for both slowly and
rapidly stretched samples. The infrared studies also found
negligible changes in rotational isomer population.
The relationship between the molecular orientation and stress-
strain relationship of polyethylene samples having different
• • •Vlll
morphology were investigated. It was found that, for the low
density polyethylene which had spherulitic superstructure, stretching
the quenched sample resulted in higher crystalline orientation and
lower amorphous orientation as compared with the slowly cooled
sample ; while the medium density polyethylene, which had rodlike
superstructure, gave rise to rather peculiar amorphous orientation.
This orientational behavior of polyethylene was discussed in terms
of the Yoon-Stein theory for crystalline orientation and the theories
developed by Petraccone et al and Flory and Abe for the amorphous
orientation. The stress-strain relationship was discussed with
consideration of molecular orientation and deformation mechanisms.
The molecular orientation for quenched low density polyethylene
during and after rapid stretching v/as investigated using infrared
dichroism and birefringence techniques. It was found that for
samples stretched at rates less than 500 % sec the molecular
orientation, as shown by infrared dichroism and birefringence,
could follow the strain without any delay, but for samples stretched
at rates in the range of 1100 % sec"
1
and 1400 % sec" 1 , the molecular
orientation lagged the strain by about 10 msec for samples stretched
about 40 The stress relaxation for samples stretched at a rate of
380 % sec" 1 was measured. It was concluded that molecular orientation
was not associated with stress relaxation. Various mechanisms of
stress ralaxation were discussed.
i
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GENERAL INTRODUCTION
There has been great deal of work reported on the mechanical
properties of crosslinked rubbery polymers and linear amorphous
polymers (1-11). It has been found that, at small elongations and
at temperatures above the glass transition of the polymers,
a universal master curve can be obtained for stress relaxation
data of amorphous polymers (3-8), and for dynamic properties, of
polymer solutions and bulk polymers (2,9-11) by applying the
principle of time-temperature superposition. The master curves
were obtained by using a reduced variable in place of time or
frequency. The reduced variable, in turn, was obtained by
multiplying the frequency by the shift factor for dynamic data.
Through use of the Doolittle equation (12) for the viscosity of
liquids and the introduction of the concept of free volume,
Williams, Landel and Ferry (WLF) (2) showed that the shift factor
can be expressed as a function of temperature, in combination with
the glass transition temperature and free volume of the polymer.
Time-temperature superposition is also applicable to the glassy
amorphous polymers provided that all the relaxation times
concerned with a particular type of motion have the same
temperature dependence (13-15). The temperature dependence of
the shift factor follows an Arrhenius-type equation, with an
2apparent activation energy independent of temperature (15).
In general, a single shift factor will not be expected to apply
for the entire spectrum in the glassy state because of the
variety of molecular motions (16).
When the birefringence of amorphous polymers was measured
along with the stress as a function of time, it was found that
the stress-optical coefficient was independent of time (17).
This can be explained on the basis of normal modes of motion
of amorphous polymers (18,19), in which each of these normal
modes has a characteristic relaxation time, and it can be shown
that the stress-optical coefficient for each normal mode is
identical (20).
Crystalline polymers show quite different behavior from
those of amorphous polymers. The mechanical behavior are
highly dependent on degree of crystallinity (21,22) and
morphology of the polymer (23). The relaxation spectra are
very broad compared to those of amorphous polymers and they
are different for samples of different crystallization conditions
(2^). In general, many loss mechanisms are observed in the
supposed rubbery regions and several shift factors, instead
of a single one as in the case of amorphous polymers, are needed
to obtain a master curve (25-33). The relaxation modulus or
creep compliance changes within a quite narrow range and nothing
like the primary transition of the amorphous polymers is
observed for highly crystalline polymers (21,23). As the
degree of crystallinity decreases, the magnitude of the
relaxation modulus diminishes and it changes more steeply with
changes in temperature or frequency, and the transition zone
corresponding to the primary transition in amorphous polymers
appears (3^.35).
Measurements of birefringence of crystalline polymers
as a function of time (or frequency) and temperature again
reveal the complicated behavior of these polymers. Multiple
loss mechanisms are observed and horrizontal as well as vertical
shift factors are needed to obtain a master curve (36-39).
The shift factors generally f.,llw\; a Arrhenius-type equation,
which indicates that free volume is not a governing factor for
activation energy.
This complicated behavior of crystalline polymers is
attributable to the complexity of morphology of these materials.
The current prevalent view concerning the morphology of
crystalline polymers is that they can be represented as two-phase
systems, in which crystals are interconnected by rubber-like
amorphous phases (*K)-^3) • This concept of the two-phase model
has gained more support in light of recent experimental observation
on polymer single crystals as well as on bulk polymers.
The most direct evidence come from the observations that both
4polymer single crystals (44-47) and bulk polymer (48) have
regions removable by nitric acid, indicating the existence
of regions of selective reactivity. Further evidence from
the absolute x-ray scattering power (49,50), from the correlation
of density and long period of single-crystal mats (51) as well
as from the observations of disappearance of an infrared absorpti
band arising in crystalline regions (52,53) and of the different
orientation behaviors of chain segments supposedly residing in
crystalline and amorphous regions, respectively, of bulk polymer
(54) also point to the validity of the two-phase concept.
Although most of these observations are made on single crystals,
the postulation that the bulk crystalline polymers have similar
morphology comes as a result of the observations in which from
increasingly more concentrated solution (55) and from paraffin
solutions of polyethylene (56) as well as from melts in the form
of very thin films (46,56-58) all reveal the existence of
single-crystal-type objects. The submicroscopic entities left
from the selective oxidation of bulk polyethylene (48) also have
the single-crystal-type texture.
There are different models proposed to describe the
structure of crystalline polymers. Among them, Hosemann's kink
model (62) represents an attempt to build a unified model to
describe the polymer materials in all states; while the model
5proposed by Keller (^3) is based on the observations accumulated
on polymer single crystals and embraces the concepts of regular
fold surface and disordered one.
According to Keller's model, the crystals are lamellar?
the polymer chains traverse the lamellae and fold back many
times 1 the fold length depends on the crystallization temperature
and thermal treatment. The amorphous regions consist of
regular chain folds, large chain loops (irregular folds),
chain ends (cilia) and tie chains which interconnect lamellae
together. There also may be molecules which stay unattached
to the crystals.
The crystalline units crystallized under the conditions
of no external stress and of normal pressure are chain-folded
lamellae. However when crystallized under stress or high
pressure, they are extended-chain crystals (63-67). The crystals
may, by repeated branching, lead to some sort of superstructure,
like spherulitic or shish-kebab. It has been reported that the
type of superstructure will affect the mechanical properties
of the polymer (23). The crystal may not be entirely perfect,
too. It is likely to contain such defects (42) as chain ends,
kinks, jogs, chain torsions and isolated folds as well as
disordered regions within the crystal. There are other kinds
of defects like dislocations, twins and the mosaic block
boundaries, etc. Some of these defects, like the mosaic block
6boundaries (59, 60) and the dislocations (6l), may be
responsible for some loss mechanisms observed in the crystalline
polymers
.
The viscoelastic properties of crystalline polymers will
be related to their morphology, i.e. the structural elements
in crystalline and amorphous regions, the topology of the
individual phases, and the ultimate superstructure and so
forth. Some of the loss mechanisms of crystalline polymers
have been attributed to the motions of these structural elements..
For example, it has been suggested that the ck loss peak of
polyethylene results from the internal motion within the
crystal as well as the motion of the chain folds on the
surface (59,66,6?), and the $ loss peak from the interlamellar
slip process (15,59).
The connections of the mechanical losses to the actual
molecular motions of crystalline polymers, drawn from the
viscoelastic functions observed under various conditions,
are indirect inference and are not always without ambiguity.
This is particularly difficult when the viscoelastic function
is very complicated and it becomes necessary to resolve it
into individual components representing particular molecular
processes, because then one has to assume either homogeneous
stress or homogeneous strain which in the real sample neither
may be true (68-70). Thus it is desirable to have techniques
7which could directly follow the motions of the structural
elements in response to stress. For these reasons, various
kinds of optical techniques have been devised (60.71-81) for
direct measurements of molecular orientations.
This thesis presents some efforts made aiming at improving
the fundamental basis for birefringence and infrared dichroism
techniques, as well as at investigation of molecular orientation
and relaxation of polyethylene crystallized under different
conditions. Consequently, the thesis was m.,ra i, r -f^i-^
into two parts, the first part including the first thr».
chapters mainly deals with the theoretical endeavor, while
the second part consisting of the rest three chanters is th»
exner j me^t ° l work i — ^ .„ „ j i
—: '
—-
—
— -
—
-r, ££^o ±^±_^±_ MnQjLo^y as well as the
molecular orientation and relaxation of polyethylene.
Chapter 1 develops the theory of internal electric field
polymer crystals. The theory represents an attempt to clarify
the discrepancies concerning the optical anisotropy of methylene
groups (CH2 ) and presents a theoretical basis for the
estimation of intrinsic birefringence of polymer crystals.
The latter is of importance to the application of birefringence
for investigation of molecular orientation because this
may be the first theory of this kind. Chapter 2 is the
application of the internal field theory to the explanation of
stress-optical coefficient and ordering of amorphous polymers.
8Chapter 3 investigates the effect of optical anisotropy of
polymers on the optical dichroism; the theory supplements
the theory developed by Fraser (82), which relates dichroic
ratio and molecular orientation, and provides necessary
corrections under special conditions. Chapter k investigates
the change in crystallinity of low density polyethylene as a
function of elongation and time. This represents an attempt
to verify experimentally the assumption undertaken in almost
all rheo-optical studies that the crystallinity of the polymer
remains constant. Chapter 5 presents the investigation of the
correlation between morphology, molecular orientation and
stress-strain relation. While the relaxation behavior of
polyethylene at various strain rates was presented in
Chapter 6.
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GENERAL INTRODUCTION TO CHAPTERS I AND II
The birefringence technique has been widely used in
characterization of molecular orientation of amorphous polymers
and crystalline polymers (1-^) as well as in the determination
of crystallinity of crystalline polymers in their stretched
state (5-8). This is made possible by the assumption of
additivity of the birefringence of a multiphase system; thus
the birefringence of a stretched crystalline polymer, /S
, can
be described as follows (1,5)
A = XcA £ + (l-JUAa + Af (l)
where Xc is volume degree of crystallinity, and Aaare the
birefringence values of the crystalline and amorphous phases
and is the form birefringence. Form birefringence arises
from the refractive index difference across the phase boundary
between the phses. The value of Aj. depends upon the refractive
index difference between the two phases and upon the anisotropy
of shape of the phase boundary (9). For polyethylene with
spherulitic superstructure, the value of Aj. is estimated to
be 5 to 10 f3 of the total birefringence (10,11).
For uniaxially oriental phases, the values of birefringence
of the phases can be expressed in the form
16
where /\c and are the intrinsic birefringence values of
the perfectly oriented crystalline and amorphous phases, respectively.
-j^ and ^ are the orientation functions of the crystals
and the amorphous phases, respectively where, for example, the
orientation function of crystals is defined as (12)
Tc Z
where Qc is the angle between the optic axis of the crystal and
the stretching direction.
The application of the birefringence technique to a
crystalline polymer is possible if one can obtain the intrinsic
birefringence of both phases from other sources. In principle,
the intrinsic birefringence can be calculated by the methods
of tensor additivity of bond polarizabilities (13,14) provided
the bond polarizabilities and the internal field effect (see
below) are known. It is the uncertain nature of the internal
field effect which gives rise to the inconsistent values of
bond polarizabilities on one hand, and, on the other hand,
17
to the contradictionary values of intrinsic birefringence of
some polymer crystals; for instance, polypropylene has the
same constituent chemical bonds as polyethylene, yet using
the bond polarizabilities calculated from n-paraffin crystal
to calculate its intrinsic birefringence, the calculated
values is not in agreement with the experimental one (15),
The effect of internal field is illustrated in Fig. l.
The electric field of the incident radiation will disturb
the distribution of electrons in the chemical bond and induce
a dipole at each bond. The magnitude of the induced dipole
depends on the bond polarizabilities and upon the electric
field at the bond location. Moreover, the electric field
at each bond, which is called the effective field, is the sum
of the applied field, EQ , and the internal field, Einti arising
from the induced dipoles surrounding the particular bond in
question. Thus the effective field, JS^, at bond ,j is given as
JE: = Jo + 2 E^r ; (*)
Therefore, the magnitude of the induced dipole moment of a sample
will be affected by the internal field. Since the optical
properties like refractive index are a measure of induced dipole
per unit volume, the refractive index will depend on the internal
field. For an anisotropic sample like a polyethylene crystal,
18
the internal field effect is also anisotropic, and this is
one of the reasons which gives rise to different refractive
indices along different crystallographic axes.
In Chapter I we try to develop a theory to estimate the
internal field of polymer crystals, and to calculate the optical
anisotropy of a methylene group in a polyethylene chain. The
theory also provides a theoretical basis for the prediction of
intrinsic birefringence of polymer crystals based on the knowledge
of crystal structure, crystal size and shape, and bond
polarizabilities
.
19
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EFFECT OF INTERNAL FIELD ON THE
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PART I i BIREFRINGENCE EFFECTS
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ABSTRACT
Values of the anisotropy of poUri^Mi-* *
from .
P nzab Uty of
.ethylene groups deduced
the refractive indices of n-paraffin crystals .. ffS dl er appreciably fromthose obtained from ?a<; o-r n„ -j .g s llquld phase measurements
^ differences
attributed t0 the erroneous applicatiQn of ^ Lorenz _ Lorentz interMi
to the anisotropic n .paraffln crmai a_ detaned ^ ^
internal field is carried out by details .ailed summon of the dipolar field over
an ideated n-paraffin crystal „ Khich the ^ ^^
^ anisotropic rods. Based upon reasonable values of palters and assumed
costal shape, the discrepancy in polarUabi 1 Uy anisotropy is resolved
2k
INTRODUCTION
By assuming applicability of the principle of additivity of bond
polariazbi 1 ity tensors the bond polarizabilities of various kinds of
chemical bonds have been determined from the Kerr constants and the de-
polarization ratios of solutions and vapors of organic molecules from
light scattering as well as from the birefringence of n -paraffin crystal
(1-3). The determined bond polarizabilities are not in reasonable agree-
ment and some of the assumptions made in the calculation have been the
subject of criticism (4). It has been shown that, for tetrahedrally
bonded saturated hydrocarbons, the molecular anisotropy may be expressed
in the form (4)
y = cr (1)
where C is a geometric constant dependent upon the configuration of the
molecular chain. Values of C have been calculated for small n-paraffin
molecules (6,7) and for larger ones where rotational isomeric statistics
are used (8-12). Values have also been calculated for cycloparaffins (13)
T is the effective anisotropy of methylene group defined by
r
" <
b
l
"
b
2>CC -
A(b
l
" ¥cB (2)
where bj and b
2
are the longitudinal and transverse polarizabilities of
the C-C bond and C-H bond, respectively. For tetrahedrally
bonded hydro-
carbons, A = 2 (4) while if the bond angles differ from tctrahedral
ones,
A is slightly less than 2 (5,10).
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The effective anisotropy r can be calculated directly from the de-
termined bond polar i zabi lities by Eq. (2). r can also be determined
from the experimental values of <y 2 >
av
> the mean square average of mo-
lecular anisotropy of vapors or solutions of n-paraffins determined
from light scattering measurement (12,14), r has also been determined
from the stress-optical coefficients of polyethylene networks (15-18).
The estimation of r from the stress-optical coefficient is complicated
by the fact that it depends upon the swelling of the network as well as
upon the solvent used (16-19). This dependency may be attributed to the
short-range ordering existing in the network and to orientation of the
solvent by the oriented polymer (16,20).
The values of r determined from light scattering depolarization mea-
surements of n-paraffin vapors [1.44 R
3
(1), 1.71 &
3
(6), 1.1-2.1 &
3
(21)]
are much higher than those determined from the birefringence of n-paraffin
crystals (0.288 S 3 ) (2), while the values of r determined from solutions
of n-paraffins lie in between. Furthermore, it is found that r for a
series of n-paraffin gases, from ethane through heptane, increases with
the increase in molecular weight (21,24,25).
Pitzer (26) has indicated that the reported good agreement between
experiment and theory of tensor additivity of polarizabilities (1-3)
may be fortuitous, Ke has expressed the opinion that the effect of neigh-
boring bonds on the effective polarizability of a given bond may be
large.
A quantitative calculation of such interaction by Rowell and Stein (27)
has shown that the mean polarizabilities of C-C bond and C-H
bond are in-
deed affected by the neighboring polarizable bonds. A more
recent calcu-
lation by Stein (28), approximating the internal field of n-paraffin
crystal as a cylindrical cavity with the ratio of the length and the
radius of the cylinder as variable, shows that r is a function of this
ratio having a value of 0.3 R5
,
corresponding to the value obtained by
Bunn and Daubeny (2), when the ratio is one and is 2.7 X3 when the cav-
ity is an infinite cylinder. The Bunn and Daubeny value of r was ob-
tained from the birefringence of n-paraffin crystal by making the as-
sumption that the internal field could be described by a spherical cav-
ity (2). A similar calculation assuming an ellipsoidal cavity (29)
yields results similar to, but somewhat lower than, those obtained from
the cylindrical cavity calculation. These results clearly indicate that
the bond polarizabi lities are significantly influenced by the internal
field and the r obtained depends on its specific effect.
It is apparent that a better understanding of the effect of inter-
nal field on the effective anisotropy of a methylene group is needed to
give a reasonable explanation for the discrepancy among the various val-
ues of P. The purpose of present work is to calculate the internal field
effect in a n-paraffin or a polyethylene crystal on the bases of a de-
tailed model of interactions rather than by assumption of a cavity model.
The calculation .enables us to quantitatively estimate the effective aniso-
tropy of a methylene group in an extended polyethylene chain and enables
us to account for the forementioned discrepancies in terms of the inter-
nal field effect.
THEORY
The unit cell of polyethylene is shown in Fig. 1 (30) in which the
polymer chains are in the planar zig-zag conformation and are located
in the corners and center of the cell. This is idealized in Fig. 2 for
purposes of simplifying the calculation, where the molecules are repre-
sented by thin anisotropic rods. We assume that these anisotropic rods
have different polarizabilities, a
,
a, and a in the directions of the
a d c
a, b and c axes of the unit cell. Fig. 3 shows the case where the elec
trie field of the incident radiation is parallel to the direction of
chain axis while Fig. 4 shows the case when the field is perpendicular
to the chain axis. NL^ is an induced dipole moment element where j de-
notes the molecule on which the ith induced dipole resides.
We shall adopt a coordinate system such that the reference chain
element p sits at the origin and x, y and z axes are coincident with
the a, b and c axes of the unit cell, respectively.
The induced dipole moment M.^ is defined by
M. (1)
-ji 1 i' -eff,i
where |a. | is the polarizability tensor of the ith element and E^ff . is
the effective field at i and is given by
E rr = E + E. . (2)
-eff,i ""o ~int,i
where E is the aoplied field and E. _ is the internal field. From class4 r
-mto
ical electrostatic theory, the electric potential at point p due to an
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induced dipole moment M.. at distance r.. is (311
V., "jiji = «—^ cos 9.. f3)
JI ji J
where 0.. is the angle between the dipole moment M.. and r . . . r. is the
J 1
r
-Ji -ji -ji
displacement vector from the element i to the point p. e.. is the di-
electric constant for the dielectric medium between M.. and p. In an
~jl
anisotropic medium e_ is also anisotropic. We shall assume that for the
r
ith chain, it has dielectric constants e. , c. and c. L in the directionsjC ja jb
of c-axis, a-axis and b-axis of the crystal. The internal field at p
from all the induced dipoles in the neighboring molecules can be calcu-
lated by
3V
3V. •
E = Y T-f-r^l (5)
y.p l 1-Hrj 1 \
There are no negative signs on the right hand sides of Eqs. (4), (5) and
(6) because p is at the origin and the electric field at p is calculated
from the change in V.j when the position of M . . is changed.
In the following section, we shall consider the cases where the ap-
plied fields are along c, a and b axes of the unit cell.
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where
M dz
c (11)
2
fx. + y. ) (12)
z
.
tan w
.
J
JL
c.
j
(13)
M is the induced dipole moment in the c axis direction per unit chain
length, is the polarizability of a methylene group in this direction.
L is the projected length of C-C bond along the c axis. Thus the quantity
(a L *) represents the polarizability per unit length in the chain axis
direction. (x.,y.) are the coordinates of the jth chain on the ab plane
of the crystal and is half the length of the jth chain.
Thus the internal field at p is in the same direction as the applied
field. From Eq. 2 the effective field is the sum of the applied field and
the internal field. However Eq.. 8 shows that the internal field is pro-
portional to the effective field. Therefore an iteration process must be
carried out by first approximating the effective field as being equal to
the applied field, then modifying the effective field for the calculation
of the further corrected internal field. By iteration, it follows that
E
o
E
o
= K E
c o
(14)
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K
c
is the internal field factor in the direction of the c-axis.
For the applied field along the a-axis, one has from Fig. 4
and
cos 9
X
r (15)
= Z Z
1
3 i ja
3M.. x.
1 1 3
(x.* y. 1 * z.. z)V^
3 3 Ji
(x?
JJ-2. J
J
3M x
.
a 3
.
(x. z + y.^ +
3 3
M
a
1 dz
(x^ + yT2 + z 2)3/2
*3
e. C.
3a 3
(3 sinw.
3
sin\)
.
)
3
2sin'^
.
1
e. C23a 3
M
K 1 M = K' — E
a a a L eff,a
(16)
E = Z E
y»p
1
3 M. . x. y.
:
[1 J 1
_ = 0
E (x.2 + v.2 + z. .2)5/2
J 1 3b 3 3 31
(17)
E_ _ = Z Z
z,p
3 M.. x. z.n 3 Ji
j 1 jc
(X 2 + y 2 + f .2) 5/2
3 3 3 1
= 0 (18)
where
M.
.
= M d flQ ^Ji a z (19)
The definitions of C. and u. are the same as those given by Eqs. (12) and
(13). M
a
is the induced dipole moment per unit length of chain for the
electric field in. the a direction. a
a
is the polarizability of a methyl-
ene group in the a direction, and L is the projected length of C-C bond
along the a axis.
By iteration, one obtains
-1
E
eff,a " L1 - "VH "o
= K E
a o (20)
where K
a
is the internal field factor in the direction of the a-axis.
For the applied field along the b axis, we interchange x. with y.
J J
M
a
with M
b
and a
&
with a
fe
in Eq. (16). Consequently we obtain
2 sinu).
*b "b HT Eeff,b < 21 >
Ex,p = Ez.p = 0 (22)
where ^ is the induced dipole moment per unit length of chain for the
electric field in the b direction. a
fa
is the polarizabi lity of a methy
lene group in the b direction. The definitions of C
.
, u>. and L are the
sarae as in the previous cases.
As in the previous cases, iteration gives
* •
*
= K
b
E
o (23)
where K
fe
is the internal field factor in the direction of the b axis.
REFRACTIVE INDEX AND MOLECULAR POLARIZABILITY
For high frequency radiation, the refractive index, n , of a mater-
ial is related to its polarization P by (33,34)
tr - 1 = 4ir | (24)
o
where P is given by
P = N aE
e£f (25)
N is the number of molecules per unit volume and a the molecular polar-
izability. Combining Eqs. (14), (20), (23), (24) and (25), one has
the general expression
3^
n.
2
- 1 = 4tt Na. K.
where i denotes the direction of the electric field of the radiation. By-
rearranging equation 26, one has
- f 4ttN
K
I
"]
ai
L(»i
2
- i)
+
TJ
-i
(27)
From Eqs. (8), (16) and (21) one can visualize that the value of K*
i
depends on the type of crystal structure, the crystal size, the shape of
the crystal and the dielectric constants. For n -paraffin and polyethy-
lene crystals, the crystal structure, L and N have been determined by-
x-ray diffraction (30). Thus the molecular polarizabilities can be cal-
culated from the experimental data of x-ray diffraction and refractive
indices of the crystal.
Although the theory is developed mainly for the purpose of calcu-
lating the molecular anisotropy of the polyethylene crystal, the general
theory can be equally applied to the cases of other crystals provided
the molecular chains are in their extended form. If the molecules inside
the crystal have different configurations, for instance a helical chain
rather than an extended one, the results from this theory are not im-
mediately adoptive, but the general scheme is still applicable.
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RESULTS AND DISCUSSION*
Figure 5 shows K •
,
and K' as functions of R, the radius of a spherical
region of the crystal within which all the induced dipoles are taken into
account. Here we assume the dielectric constants e. , e and e Cseejc' ja jb 1
Eq. (3)) are equal to one. The unit cells of n.paraffin and polyethylene
crystals have the dimensions a = 7.40 8, b = 4.93 X and c = 2.534 % (30).
The results indicate that the values of and K£ approach limiting
values and change very slowly for R > 30 8. Calculations for R > 10000 %
were not done because of the prohibitively long computation times required.
We should point out that for an infinitely large crystal, will approach
zero and and K£ will be different from the values calculated for R =
10000 X. However, as one can see from Eqs. (8), (16) and (21), K' K 1 and
c a
will change very slowly for large R. Thus for the n-paraffin and poly-
ethylene crystals of practical sizes, i.e., all the n-paraffin and poly-
ethylene crystal so far have been grown in laboratories, the results may
not be very different from the values calculated for R = 10000 X.
We have also calculated the values of K', K' and V for a crystalcab J
cylinder with the ratio of the height and the diameter equal to one. The
results are very close to, but slightly lower than those calculated from
the crystal sphere.
In practice, the dielectric constants e^, e^
a
and for the jth
chain will be one only for the chains in the vicinity of the reference
chain p. For the molecules separated by long distances, the dielectric
constants probably equal the macroscopic ones. For the chains at inter-
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mediate distances, the values of the dielectric constants may lie in be-
tween. As an approximation, we use the macroscopic dielectric constants
for the correction of dielectric effect.
From x-ray diffraction measurements, there are four methylene groups
in each unit cell of an n-paraffin crystal (3C)
. The refractive indices of
the crystal are: n = 1.575, n = 1.514 and n = 1.519 (2). The sub-c a D
scripts c, a and b denote c, a and b axes of the crystal. The three mole-
cular polarizabilities of a methylene group calculated from Eq. (27) are
a
c 5,363 &
3
,
a
a
= 1.901 R
3
and ab = 2.024 R
3
without corrections for di-
electric effect and a = 3.392 R3
,
a =2.140 R3 and ct L = 2.220 R
3
withc b
correction for dielectric effect.
Using the bond angles Z-CCC = 112° and £ HCH = 109.5°, and the angle
between the b axis of the unit cell and the molecular zig-zag plane
equal to 41.2° (30), it can be shown that the effective anisotropy of a
methylene group may be given by
T = 1.884 j^a
c
- h (a
fl
+ ajj (28)
and the value of A in Eq. 2 is 1.884.
Table I summarizes the calculated effective anisotropy of the methy-
lene group and internal field factors of the n-paraffin crystal. For
comparison, the results by Bunn and Daubeny and some experimental results
from light scattering depolarization of n-paraffin vapors and solution are
also included.
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We note that the values of r with and without correction for di-
electric effect differ substantially from each other. As we mentioned
earlier, the real dielectric effect may be between those two extreme cases,
and the value of T will be in between, too. Presumably the real value of
r will be closer to 2.258 X3 rather than 6.407 because only the few
chains in the proximity of the reference chain have significantly differ-
ent dielectric effect from the rest of the chains. The value of r cor-
rected for dielectric effect seems to be in reasonable agreement with the
experimental ones from the n-paraffin vapors. The fact that the theoreti-
cal T is higher than the experimental ones is expected and can be account-
ed for by the following arguments: (1) The CH_ end groups of the n-
paraffin molecules are not so anisotropic as are the CH- groups. Thus the
end groups tend to diminish the anisotropy of the entire molecule. The
end group effect may be dependent on molecular chain length and is more
pronounced for shorter chains than for longer ones. One would expect the
end group effect to level off as the chain length increases. (2) The
theoretical values of r and the experimental ones from depolarization
light scattering of n-paraffin molecules are not the r of an isolated bond
but rather subject to the internal field of the rest of the molecule. The
effect of the intramolecular internal field, in contrast to the intermole-
cular internal field effect, is to enhance the effective anisotropy of a
methylene group. The reason for the enhancement effect of intramolecular
internal field on the effective anisotropy arises from the fact that the
intramolecular internal field effect comes from the polarization of parts
of molecules residing in the same molecule. This intramolecular internal
field effect also depends upon the chain length. Since the internal
field is inversely proportional to the third power of the distance
separating the two interacting induced dipoles, this effect also levels
off as the chain length increases. Thus from the above discussion, one
would expect that the theoretical r calculated from the crystal may rep-
resent the high limit of that which one can obtain from the depolariza-
tion light scattering of n -paraffin vapors.
A comparison of the internal field factors K
, K and K. calculatedC 3. D
by this theory and those by Bunn and Daubeny (2) indicates that while K
a
and K
b
are slightly different for the two cases, K is quite different.
Bunn and Daubeny assumed that the internal field in a n-paraffin crystal
could be approximated as a spherical cavity. Stein (28) has pointed out
that the approximation of a spherical cavity for a n-paraffin crystal is
unrealistic in the light of the molecular arrangement in the crystal.
The calculated internal field factors from the present theory indicate
that the effect of internal field in the crystal -is to decrease its bire-
fringence. Thus the n-paraffin molecules in the gaseous phase is expect-
ed to have higher optical anisotropy in agreement with observation (1,
20, 32).
The recent work of Patterson and Flory (12) seems to give strong
support to the applicability of the principle of additivity of bond
polarizabi lity tensor for n-paraffin molecules in solution; this is in
contradiction with the observations of gaseous molecules (20,23,24).
We feel that the contradiction may be due to the methyl end group effect
and the intramolecular internal field effect. The end group effect may
not be as significant as the intramolecular internal field for molecules
of molecular weight higher than butane, as evidenced by the constant r
from Patterson and Flory's work. But for molecules of ethane and pro-
pane, this end group effect may be important. The main cause for the
contradiction may be due to the intramolecular internal field effect.
In solution, the small solvent molecules are dielectrics and their
presence will sharply decrease the intramolecular internal field effect.
For instance, the dielectric constant of CC1
4
is 2.234 and the intra-
molecular internal field in CC1
4
medium will be only 45% of that in
gaseous phase (free space). Thus the change in intramolecular internal
field of n-paraffin molecules of molecular weight higher than that of
butane with the change in chain length in CC1
4
medium may not be de-
tectable. On the other hand, in the gaseous phase, this intramolecular
internal field may be very significant and the measured r shows depen-
dency cn molecular weight for the low molecular weight n-paraffins.
This intramolecular internal field effect argument may also explain the
fact that the r determined from dilute solution is only 0.54 X3 compared
to the theoretical value of 2.283 X3 .
Although the values of and K£ for a cylindrical crystal with
axial ratio, the ratio of the height and the diameter of the cylinder,
equal to one is very close to those calculated for the spherical crystal,
the results are quite different when the axial ratios are otherise. This
is shown in Fig. 6, where R is the radius of the crystal cylinder and Z
is its half height. Here the dielectric constants are assumed to be one.
For Z = 50, 100, 500 and 1000 R, we found that the values of K' , K' , and
c a
^+0
K£ vs (R/Z) can be plotted into master curves with negligible deviation.
This seems to indicate that for crystals of size larger than 30 X in
radius (see Fig. 5), the dependency of internal field upon the shape of
the crystal may be described by the axial ratio.
The polyethylene crystals in the semicrystalline polyethylene solid
were found to have thickness of the order of 100 8. The shape of the
crystals in this melt crystallized sample may be very different from that
of n-paraffin crystals, which are diamond-shaped plates. From the re-
sults of Fig. 6, the internal field for this type of crystal is very
different from what is in the n-paraffin crystal. Thus one may expect
the birefringence of these polyethylene crystals to be different from
that of the n-paraffin crystal. Detailed calculation on this subject is
underway.
TABLE I
E ffective Anisotropy of a Methylene Group and
Internal Field Factors of n -Paraffin Crystal
Present Work Bunn-Daubeny
Experimental Values
From n
-Paraffins in
Gaseous Phase
r =
(a)
» 6.407 R
3
(b)
r = 2.283 R
3
r = 0.288 R3 1.44 R 3 (1)
1.1-2.1 R 3 (2)
1.71 R
3
(32)
0.54 R3 (12)
(from dilute
solutions)
K
c
= 0.507 K = 0.801
c
K = 1.498
c
K
a
= 1.247 K =1.108
a
K = 1.432
a
= 1.184 K, = 1.080
D
K, = 1.440
D
(a) Without correction for dielectric effect
(b) Correction for dielectric effect with macroscopic dielectric
constants of the crystal
**2
CAPTIONS FOR FIGURES
Fig. 1 Arrangement of molecules in unit cell of polyethylene and n -
paraffin crystals.
Fig. 2 The thin rod model used for the calculation of the internal
field.
Fig. 3 The dipol e induced on the molecular chain when the electric
field of the radiation is at the direction of chain axis.
Fig. 4 The dipole induced on the molecular chains when the electric
field of the radiation is perpendicular to the chain axis.
Fig. 5 The coefficients of and K£ vs the radius of the crys-
tal sphere R. The dielectric constants are taken to be one.
Fig. 6 The coefficients of and K£ vs the axial ratio of the
crystal cylinder. The dielectric constants are taken to be
one.
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CHAPTER II
THE STRESS-OPTICAL COEFFICIENT AND AMORPHOUS ORDER
by
R. S. Stein and S. D. Hong
Polymer Research Institute
and Department of Chemistry
University of Massachusetts
Amherst, Massachusetts 01002
SYNOPSIS
The calculated stress-optical coefficients obtained using the
rotational isomer model and the principle of additivity of bond
polarizability tensors give values of the segment polarizability
anisotropy, At$ , in reasonaDie agreement with experimental values
for swollen rubber networks. Furthermore, these values agree well
with those obtained from streaming birefringence studies. Estimates
of the effect of ordering in the amorphous state upon All lead to
values appreciably in excess of those found experimentally. The
effect of swelling solvent on Al$ can be interpreted in terms of
its role in separating chains from each other and in itself being
oriented by the polymer chain. This model accounts for the observation
that A [J increases with increasing anisotropy of the swelling
solvent. The value of Af$ found for networks swollen with an
isotropic solvent is approximately, but not exactly equal to the
*
intrinsic anisotropy of the segment, AQ . The enhancement of At^ found
for undiluted networks arises in part from mutual orientation of
segments by
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their neighbors. An additional cause comes from the anisotropy of the
internal field arising from local order. All of these effects are inter-
pretable in terms of relatively short range interactions and do not re-
quire the relatively long range ordering of a type proposed in some re-
cent theories.
INTRODUCTION
The change in birefringence occurring when an amorphous polymer is
deformed is an important observation which provides information concern-
ing the state of order in amorphous solids. Since the presence of crys-
tals appreciably affects the birefringence, we shall restrict our consid-
erations to those polymers which show no equilibrium crystall inity at the
temperature of study. Also, because of the poorer understanding of glassy
polymers as compared with rubbery ones, we shall only consider systems
above their T 's.
g
The theory of birefringence of stretched rubbers was developed by Kuhn
and Grun 1 and by Treloar 2 on the basis of the same procedure used for the
development of the kinetic theory of rubber elasticity. The model adopted
was that of a chain composed of anisotropic statistical segments which be-
come oriented as the rubber is stretched in a manner describable by the
Gaussian statistics of isolated chains in a crossl inked network, the cross-
linking points of which are subject to an affine transformation. These
theories lead to the expression for the stress-optical coefficient
r M _ _2l_ (n 2 + 2) 2 ArL
" a 45kT fi s
(1)
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where An is the birefringence of the uniaxial ly stretched sample subject-
ed to a stress a (on unit area in the stretched state), k is Boltzmann's
constant, T is the absolute temperature and n is the average refractive
index of the rubber. The anisotropy of the statistical segment Ar is
s
given by
*r,
'(»,- ty, (2)
where b^ and are the polarizabil ities parallel and perpendicular res-
pectively to the axis of the segment.
Equation (1) is derived upon the assumption of the local electrical
field on a segment being given by the Lorenz-Lorentz equation which im-
plies that the environment of a segment is optically isotropic. It also
involves the assumption of tensor additivity of polarizabil ities of non-
interacting segments.
The anisotropy of a segment may be related to the anisotropy of the
constituent bonds, again assuming polarizabil ity additivity using
Ar
s
=
E ((b l b 2 } i [3 COs2Q i ' 1]/2) (3)
where b^ and b
2j
are the polarizabil ities of the i-th bond along and per-
pendicular to the bond axis and e. is the angle between the bond axis and
the segment axis. Recently Fiery 3 and Nagai 4 and coworkers have shown how
to evaluate this sum in terms of the rotational isomer model giving rise
to the equation
5^
AF
s
S
f \
>
0/< r^>o (4)
where rT is the transpose (i.e. the row form) of the end-to-end vector r
and 6 is the traceless tensor representing the anisotropy of the polar-
izability of bond i defined by
*1
= 3
i
• 5
1 ^3 (5)
where a. is the polarizabil 1 ty tensor, a. is the mean polarizabil ity and
E
3
is the identity matrix. The symbol < > denotes averages over the free
unperturbed chain. For hydrocarbons, this leads to the result that
!
ir
s "
A
CC
(b
1
"
b
2>CC * ACH< b l *
b
2»CH ( 6 >
where {b
]
- b
2 ) cc
and (b
]
- b
2
) CH
are anisotropics of the CC and CH bonds
and A
cc
and A^ are constants dependent upon molecular geometry. For
tetrahedrally bonded hydrocarbons 5
,
A
CH
/A
CC
= 2 while for the actual bond
angles in polyethylene, it is 1.88. Thus
iF
s
= A
CC
Ar
PH <
7 >
where AT^ is the anisotropy of the polymethylene group given by
ar
pM
= (b, - b
2 ) cc
- 1.88 (b, - b
2 )CH (8)
Statistical calculations for polyethylene give a value of A^ = 4.0 + 0.6
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COMPARISONS BETWEEN EXPERIMENTAL AND THEORETICAL BIREFRINGENCE
Experimental measurements of Ar $ of polyethylene have been reported
5"8
.
It is found that values are higher for unswollen samples than for samples
swollen with decalin, the latter giving Ar
g
= 4.0 ft 3 for <j>
2
= 0.33 cor-
responding to a value of Ar
pM
= 1.0 A 3 . Theoretical values are depen-
dent upon the choice of bond polarizabil ities used in the calculation of
Ar
pM
and are 1.47, 0.86 and 0.57 K 3 for the bond polarizabil ities of Den-
bigh 9 , Clement and Botherel 10 , and LeFevre, Orr and Ritchie 11 respectively.
The latter value, which was considered most reasonable for the interpreta-
tion of light scattering depolarization measurements in n-paraff ins 12 is
somewhat small as compared with experimental measurements and may result
partly from the fact that the concentration of polymer in the swollen gel
used for the stress-optical measurements was relatively high, and partly
because decalin is not an isotropic solvent. Similar measurements have
been reported for poly(dimethyl siloxane) 8 but bond polarizabil ity infor-
mationwasnot available to compare with experiment.
A study of the stress-optical coefficients of cis-1 ,4-polyisoprene
and cis-1 ,4-polybutadiene has been reported by Ishikawa and Nagai 13 who
also find that the S0C for the dry rubbers is greater than that for the
rubbers swollen with an isotropic solvent. For cis-PBD, calculated val-
ues of AT range from 5.33 to 5.58 P depending on the parameters used in
the statistical weight matrices and using the Clement and Botherel polar-
izabil ities 10 as compared with experimental values of 5.8 X
3 on swollen
samples arid 7.5 A 3 for unswollen samples. Considerably smaller values of
3.92 and 4.09 A 3 are found using Denbigh's
9 or LeFevre's 11 values of bond
polarizabil ities, respectively.
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For cis-PIP, calculated values 13 range from 0.152 to 0.764 A 3 as com-
pared with an experimental value of 0.72 ft calculated from data of Smith
and Puett 14 on unswollen natural rubber.
For the above three cases, the agreement between experiment and theory
is considered satisfactory, especially in view of the uncertainty concern-
ing the values of anisotropic bond polarizabil ities. It should be empha-
sized that the theory used is one which involves the orientation of an
isolated chain with no correlation in orientation of segments on differ-
ing chains.
A systematic study of the stress-optical coefficients of samples of
poly(l ,4-butadienes) of differing cis content was undertaken by Fukuda,
Wilkes and Stein 15 who confirmed the earlier reports of Ishikawa and Nogai 13
and Gent 16 that the values are appreciably affected by the swelling solvent
used. For example, Figure 1 shows a typical result 15 for the variation
of birefringence with stress for high-cis cross! inked 1 ,4-polybutadiene
rubber swollen in a variety of solvents.
The value of the SOC increases with the anisotropy of the solvent and
is least for the isotropic solvent, CC1.. The values with CCl^ are less
than those for the unswollen polymer. It is suggested that adsorbed aniso-
tropic solvents are oriented along with the polymer molecules and add to
their anisotropy. Thus, for the unswollen polymers, the neighboring chains
are adsorbed on each other and add to the SOC. This effect is diminished
upon swelling with an isotropic solvent.
Another effect seen upon swelling is that both the stress and bire-
fringence of the polymer obey Mooney-Ri vl in type equations
5?
o<f
2
,/J/[A 2 - A-i] = 2C
1
+ 2C
2
/x (9)
(An) <^
2
1/3
/ [a 2 - a" 2 ] = B
1
+ B
2
/x (10)
where A is the elongation ratio $
2
is the volume fraction of rubber and
the constants C
2
and B
2
represent deviations from ideal behavior. It is
found that both C
2
and B
2
diminish to essentially zero upon swelling and
one might wonder whether this effect suggests chain packing or order. How-
ever, it has been found that both C
2
16 ~ 19 and B
2
19 are substantially de-
creased for unswollen networks which are crossl inked in the swollen state.
Figure 2 shows a typical birefringence Mooney-Ri vl in type plot 19 obtained
from samples of cis 1-4-polybutadiene crossl inked in benzene solution at
volume fractions <$>
r
designated in the figure, [v on the figure corre-
sponds to
<f>p in Equations 9 and 10]. Curves are shown for measurements
made on the subsequently dried polymer as well as for samples then swollen
with CCl^ to values of <}>
2
in the range of C. 04-0. 09. It is seen that even
in the dry state, the slope of this plot is quite small indicating values
of B
2
of the order of 0.2 x 10 _l*. Since it is not likely that the molecu-
lar order in the dried network will depend upon the state of swelling at
the time of crossl inki ng , it seems that this reduction is related to net-
work topology differences dependent upon the state of swelling at the time
of crossl inking. It has recently been suggested 20 that differences may be
related to the greater number of intramolecular crosslinks occurring when
crossl inking in solution. In any case, it does not appear that the finite
values of C n and B 0 are directly related to amorphous order for these systems.
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there may be some ordering in dry polymers, relatively short range order-
ing is sufficient to account for the observed result.
THE EFFECT OF AMORPHOUS ORDER ON THE STRESS-OPTICAL COEFFICIENT
In order to account for the possible effect of ordering on the SOC,
we should examine the assumptions involved in the derivation of Equation
(1). It is based upon the Lorenz-Lorentz equation for the relationship
between the refractive index, n, and the polarizabil i ty per unit volume P
n?
-
1
P (11)
n 2 + 2 3
which gives by differentiating
2 (n 2 + 2) 2 # n n » M9\An = g tt > —*— (P 1 - P 2 ; (12)
The polarizabil ity difference is then related to the anisotropy of the
segment by
(P, - P
2
) = N
s
f
s
af
s
(13)
where N is the number of segments per unit volume and f$ is
the orien
tation function of a segment defined as
f
s
= [3 < cos 2 e
s
>
av
- l]/2 (14)
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whore 0
s
is the angle between the segment axis and the stretching direc-
tion. f
s
may be given by the kinetic rubber elasticity theory in the
Gaussian approximation as
f
s 4r tA2 - (15)
s
where H
Q
is the number of chains per unit volume.
Equation (1) results from combining Equations (12) through (15) with
the kinetic elasticity equation for the stress
c - N
c
kT [X2 - A"']
( 15)
Ordering in the amorphous state will affect the derivation at two
points: in the use of Equation (11) for the internal field and in the
use of Equation (15) for segment orientation. Equation (15) is obtained
in the Kuhn-Grun treatment 1 by calculating the distribution function of
segment orientations with respect to the displacement vector R using the
Lagrange method of undetermined multipliers subjecting the distribution
to the constraints of a fixed number of segments and a fixed length of R.
This leads to a value for the orientation function, f^ of segments with
respect to R. The orientation function, f , is then obtained by convo-
luting this function with that of R with respect to the stretching direc-
tion. In this derivation, the segments are considered to have equal a-
priori probability of any orientation, and no interaction between seg-
ments on different chains is considered. This is obviously not so for an
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ordered amorphous phase. In a crystalline polymer, for example, a group
of q segments on neighboring chains must be maintained parallel to each
other. In this case, the segment orientation function will be q times
that given by Equation (15). In the case of intermediate order, an aver-
age, q may be used which represents the number of segments surrounding
a given segment whose orientation is correlated with that of the first
segment. Since the SOC of the dry polymer was generally less than two
times that of the swollen polymer, the factor q must be less than two if
it is attributable to this cause. This is smaller by an order of magni-
tude or two than what would be expected on the basis of models which
would have been proposed 24 * 25 for ordered amorphous polymers.
The theory for the SOC for a swollen network of non-interacting chains 2
requires that the SOC should not vary with degree of swelling, provided
that Ar
s
is not affected. If solvent molecules are oriented along with
the polymer segment, the value of at will be enhanced to give
o
Ar
s
= Ar
$
+ at
1 (17)
where at
s
° is the anisotropy of the isolated polymer segment and Ar^ is
the additional anisotropy resulting from the orientation of the surround-
ing solvent. This is given by
Ah - < Ni/fi<r s4 ) d csi (18)
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Ar° is the intrinsic anisotropy of the solvent molecule N is the num
As
ber of solvent molecules per unit volume given by
\ = (P,N0 )/M4 ( 19 )
where p is the density of the solvent, N is Avagardro's number and Mx o %
is the molecular weight of the solvent. f
£
(r
SJl
) is the orientation func
tion of the solvent molecules at a distance r from the segment with re
spect to the segment axis defined by
V rs£ } = [3 <cos?e s* >r " 1]/2 (20)
where 8 is the angle between the segment axis and the optic axis of the
solvent. The integral is over all lengths and orientations of r . The
symbol < > designates averaging at constant r
n
.
- S x,
L P(9 S£' £co) C ° s2e s^ Sin0 S£d9 S£ , .
<cos 2 e
c(/
> = 5*—^ ^ si_s _ (21)
So
P(9
s^ ^ sin9 s* d9 s*
where P(9 C0 , r 0 ) is the probability of orientation at angle e for a
solvent molecule separated from the segment by distance r
s£
.
This may be
described by a Boltzmann distribution
P(e
st ,
r
sJ
) = K exp [-V(e
st .
r^/kT] (22)
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where V(e
s£ ,
r^) is the potential for interaction between the polymer
segment and the solvent molecule which depends upon intermolecular forces
and decreases rapidly with their separation.
It is evident from this treatment that at should increase with in-
3
creasing solvent anisotropy, Ar
£
, and should be a minimum for isotropic
solvents. However, it must be realized that
**
= K» inh + <<> md, < 23 >
where (Ar^J.^is the inherent anisotropy of the isolated solvent mole-
cule and (ai^0)^ is the induced anisotropy arising from the dipole mom-
ent induced in the solvent by the dipole moment of the segment. This, of
course depends upon the solvent polarizabil i ty. Consequently, even if
(Ar°)-
nh
= 0 as with CC1
^
.
it may be that there is a finite ( A r £
°)
incj
so
that Ar
s
may not equal Ar° as is usually assumed.
To some extent, the enhancement of at for unswollen polymers which
* s
arises from local order may be treated in the above manner in which the
segments of neighboring chains play the role of ordered solvent molecules.
EFFECT OF INTERNAL FIELD
The refractive index of a material is related to its polarization
by
n
2
- 1 = 4it P/E (24)
6k
where E is the applied field. P in turn is given by
P
"
No
<
E
eff (25)
where N is the number of molecules/cm 3 having polar izabil ity a and I
is the effective field acting on the molecule. This is related to the
applied field by
E
eff
= E + E
int. < 25 >
where E. . is the internal field arising from the polarization of sur-
rounding molecules. Lorentz calculates this as the field arisina from
the polarization charge on the surface of a spherical cavity of a dlelec
trie which leads to the result
W E W)
The use of this Lorentz field in Equations (24) and (25) leads to the Lor
enz-Lorentz-Equation . This equation is satisfactory for gases or isotro-
pic liquids but its application to an anisotropic crystal is incorrect.
We believe that its erronious use in relating the polarizabil ities to the
refractive index of n-paraffin crystals has led to the very low value of
Tpu of 0.3 ft 3 as compared with the higher value of 1.47 obtained by Den-
bigh 9 from gas phase light scattering depolarization measurements 27 . It
is not reasonable to accomodate an elongated polyethylene chain within a
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spherical cavity and Stein has proposed 27 an alternate approach utilizing
a cylindrical cavity within which the internal field factor <. is defined
by
{E
effh
s K
f
E
o (28)
is different parallel and perpendicular to the axis of the cylinder and
depends upon its axial ratio. It was shown that with reasonable values
of the axial ratio, the difference between the two values of Ar
pM
may be
understood.
More recently, Hong and Stein 28 have developed a theory for the in-
ternal field within a polyethylene crystal based upon a summation over
the contribution from dipolar fields of neighboring molecules. A poly-
ethyl enc chain in a crystal is replaced by a cylinder with differing
longitudinal and transverse polarizabil ities located at the position of
the real chains in the unit cell of the polyethylene crystal. The in-
duced field at position p within a crystal arising from a point dipole
at position removed from p is given by
3(m- • r- ) m.
E, =
1
s
IE r. W 29
-ip r.
p
s
-ip r.
p
3
The total internal field at p is then given by
^int^p
=
I -ip
(30)
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The dipole moment, m. is obtained from the total field at i from
.
^ *1
s
l
a il ?i (31)
where |a.| is the polarizabil ity tensor at i. For a uniaxially polar-
izable element, Equation (31) becomes
where 6
i
is the anisotropy of polarizabil ity of the ith volume element,
( a]i -
a
2i) j dnd ?i is a unit vector along the principal polarizabil ity
axis. E. is obtained in turn by adding to the external field, the in-
' ternal field at i of the molecules surrounding point i.
This procedure is carried out by summing over an infinite crystal
using iteration. In this way, the ratio of the dipole moment to the ex-
ternally applied field may be determined leading to an expression for the
internal field factor
m
1 En
-0
a
(33)
This procedure is extended to a disordered structure, using the statisti
cal segment modification. For this purpose Equations (29) and (30) are
replaced by an integration over a segment distribution function
E
-P
/C 3(m • r ) m ^
P(r
,§) I — ?~ r - --3- > dr (34)
P V rp vi ~ P
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where P(r ,a) is the probability that a segment will lie at a distance
r
p
from p and be oriented in the direction a.. The solution of this equa-
tion requires assuming some form for the segment distribution function.
This function could be expanded in spherical harmonics where the coeffi-
cients serve as correlation functions in a manner similar to that used in
the theory of light scattering from systems having non-random orientation
correlations 29 »30
. The coefficients in this expansion serve as correla-
tion functions which describe how molecular order decreases with increas-
ing molecular separation. These contain correlation distances which serve
as measures of the sizes of ordered regions. In this manner, it would be
possible to account for the internal field effects.
Let the reference molecule at position p be oriented in the Z direc-
tion and consider the effect of a second molecule, i, located at a vector
distance r. having angular coordinates w and \\i (Figure 4) which is orien-
ted with its principal polarizabil ity axis a^ at angles 3 and y. For an
applied field in the Z direction, Equation (29) gives for the components
of internal field at p
(E/r 3 ) <36.(sinw cos^) 2 (sin3 cos3 cosy)
+ 3 6.(sin 2w simi- cos^)(sin3 cosp siny)
+ 3 [a. + 6.(cos 2 e - (1/3))] sin^ cosu cos^
(36)
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E
iy,p " ( E/r3 ) ( 3 S.j(sin
2
uj simp cos^)(sinB cosb cosy)
+ 3 5.(sinu sin^) 2 (sinB cos3 siny)
+ 3 [a. + 5
i
(cos 2 6 - (1/3))] sinu cosw simj>
- 6
i
sinB cosB siny}
_ (37)
and
E
iz,p
=
^/ r3 ^ ( 3 6 i( sl
'
noj cosw cosi^)(sinB cosB siny)
+ 3 6^(sinw cosw sin^)(sinB cosB cosy)
+ [5
1
+ 6.(cos 2 3 - (1/3))] [3 cos 2 u> - 1]} (38)
The average internal field components at the origin is then found
by averaging over angles. It is convenient to define the averages
F, = <sinB cosB cosy > = J P(B,y) sin
2
B cosB cosy dBdy (39)
/2tt
J P(B,y) sin
2
B cosB siny dBdy (40)
and
F~ = <cos 2 B>= I / P(B,y) cos 2 B sinB dBdy (41)
6 J
o
J
o
The function P (B,y) expresses the probability that the polarizabil ity
axis a of the ith bond will be oriented at angles B and y with respect to
the first bond. We shall assume that this is cylindrical^ symmetrical
and independent of y so that F
]
= F
2
= 0. Thus the average field strengths
will be given by
and
_ 2E
~i,xp
=
r3
*a
i
+ ^ 3 ^ 6 i F ij-' sinw C0Su) cos ^ ( 42 )
— 3E
*i,yp
= +
^
2/3
^
5
i
F
ij^ sin(J C0Saj sin^ ^ 43 ^
^i.zp
=
7* [u i
+ (2/3) 6
i
F
ij ] [3
cos2w
- ^ ( 44 )
where
= [3 <cos 2 6> - l]/2 (45)
The function F.
.
characterizes the correlation of orientation of two
molecules separated by vector distance r. . and diminishes with increas
ing magnitude of r.
The total average field at point p is then found by summing over
all contributions from bonds i to give .
E = I E = E i + E j + E k (46)
~P \
-
ip
xp ~ yp
J
~ zp -
If we further assume that there is cylindrical symmetry of bond distri
bution in ty, then E = E = 0 so
xp yp
where
E n
= F, n k (47)
~p zp -
E
zp
= J (E/r 3 ) ([a. + (2/3) 5. F.j] [3 COS
2
u, - 1]} (48)
A similar treatment for the case where the applied field is along the X
(or the Y) axis leads to
where
¥
xp
=
I (
E/ r3 ){^i " 0/3) 6. t..][3 sin 2w cos 2 ^ - 1]}
(50)
The evaluation of the internal field then requires the assumption
of some form for F . .
.
Rather than assuming an empirical function to rep-
resent correlation in a partially ordered amorphous structure such as
that portrayed in Figure 5, we shall idealize it as a two-phase model
shown in Fiyure 6 consisting cf (1) cylindrical domains within which
there is crystal-like order where F . . = 1 surrounded by (2) a random
phase where there is complete disorder where F. . =0. Consequently Equa
tion (48) becomes
e( I C(Vr 3 )(3 cos 2 *, - Do.,] + I [(l/r3)(3 cos
2
u) - 1) a]\
Vord. 1 ' dis. J
= (E ) , + (t ) ,. (51)v
zp'ord. v zp'dis. x '
while Equation (50) gives
"
E
xp
E (l [(l/r 3 )(3 sin 2 ., cos 2 -^ - 1) I [1/r 3 )
V.ord. 1 dis.
(3 sin'o. cos 2 ^ - l)a]j * (^
xp ) ord .
+ (*
xp >d1s. (52)
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where all of the molecules are considered identical and
<X|| = ^ + (2/3) 6 i (53)
*j - ^ " 073) 6. (54)
To evaluate ( E
zp ) ord and (Exp ) ord >
we may use the results of the
previous treatment28 for crystalline polyethylene which gives
- <Vord. =^((^ zi C i2)(sin3. i -sin. i )a 1|j
= K
z
' E a,
| (55)
and
<Vord. = € ]{(
2 C
i"
)(3 sinW
i
"
Sin3u
i
}
"
2 SinW
i
/£
xi
C
i
2
}
a
l
= K
x
' E ctj_ (56)
where e is the dielectric constant (assumed constant as ^
z
and e
x
) and C,.
is defined as
C. = (x.
2
yi
2
)
1/2 (57)
where x
i
and y- are the coordinates of the ith molecule and Kz
' and K
x
'
are the internal field factors. In Equations (55) and (56), the angle
u»
i
is defined as tan". = H/C- according to our previous treatment, where
2H is the height of the cylindrical cavity. The summation was carried
out over the volume of the cylindrical cavity of height 2H and
radius R.
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The internal field from the disordered phase is evaluated utilizing
the previously published calculation of the internal field within a cyl-
indrical cavity27 giving
<Vdis.
= (n2
"
f/(1 +f2)V2] E
o
= K; E
q (58)
and
<Vdis. f'"
2
-
»/2][f/(l +f2
'
V2
]
E
o
where
K; E
0 (59)
f = H/R (60)
is the axial ratio of the cavity, n is the average refractive index of
the polymer.
The total internal field at p is then
E
xp
m K
z "I I
E
eff,z
+
<
K
z"
/E
z>
E
o
(61
'
and
F = K ' a, € + ( K " /€v ) E (62)
xp z
_[ eff,x z x' o
The dielectric constants must be introduced into the second terms to ac
count for the modification of the polarization field of the disordered
amorphous phase by the medium within the cavity. Since the effective
field is the sum of the applied field and internal field, it must be
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evaluated by an iteration process leading to
W-[l-t.„]
:[
1+
^] Eo (63)
= K Eo
z o
and
E
eff,x - [t^y] [ * ^ ] Eo («)
X o
The effective anisotropy may then be calculated from
A - K
2 <*| |
- K
x
o. (65)
This calculated anisotropy will include the total contribution of all the
molecules within the ordered region which are subjected to the internal
field which is modified by the ordering. Thus, the increase in anisotropy
from ordering obtained in this way is a consequence of both enhancement
of anisotropy arising from the association of molecules within the aggre-
gates as well as the effects arising from the influence of ordering upon
the internal field.
The anisotropy has been calculated taking the dimensions of the or-
dered region as an adjustable parameter. We have modified the preceding
procedure in that we have allowed for some disorder in the ordered region,
taking it as a paracrystal in which the chains are parallel to each other
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but where they may deviate from their ideal lattice points in a direc-
tion perpendicular to the chain (cylinder) axis. Two cases were con-
sidered: one where the fluctuation in the x and y directions (parallel
to the a and b crystal axes of the polyethylene unit cell) was + 1 A and
+ 0.5 & respectively, and a second where the fluctuations are assymetric
and are between -1 A and +2 8 in the a-axis direction and -0.75 A to
+1.25 & in the b-axis direction. The paracrystall ine lattices possess-
ing such fluctuations were generated using a random number routine with
a computer assuming that all values of lattice parameters within the pre-
scribed limits may occur with equal probability. Pol ari zabi 1 i ties were
calculated for the parameters of the polyethylene unit cell where a = 7.40 A,
O _ 0
b = 4.93 A and c = 2.534 A. The values of bond polarizabil i ties for the
bonds within a crystal, corrected for the internal field effect, which
were proposed in our earlier publication were employed. The dielectric
constant v/as assumed to be equal to the macroscopic dielectric constant
of the crystal along each of the three crystal axes.
In this way the curves of Figure 7 were obtained which show the vari-
ation of the effective anisotropy of the statistical segment defined by
Equation (65) as a function of the diameter of the cylindrical ordered
region for various values of its axial ratio. As expected, the anisotropy
increases with the size of the ordered region and does so more rapidly as
the axial ratio of the ordered region becomes greater. The increase is
more pronounced for a more disordered lattice.
The values are compared with the range of values calculated from ex-
perimental stress-optical coefficients. In making such a comparison, one
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must consider that the value of Ar
$
obtained from the stress-optical co-
efficient using Equation (1) involves the assumption of the Lorentz
field of Equation (27) and is therefore not strictly comparable with
that given by Equation (65). Thus, one should actually compare the
quantity
A
exp ' 9 ' K'exp <66 )
which is the product of the experimental segment anisotropy and the in-
ternal field correction factor with Equation (65) rather than Ar
s
it-
self. The range of experimental values of A obtained in this way is
exp J
indicated in Figure 7.
It is noted that for reasonable values of axial ratios, the diameter
of the ordered region would have to be less than 10 A in order that the
theoretically predicted values of A lie within the range of those ob-
tained experimentally.
CONCLUSIONS
It is evident that experimental values of r obtained from SOC mea-
surements are not consistent with long range ordering in the amorphous
phase. Consideration of the effects of mutual orientation of amorphous
segments and internal field effects are consistent with an orienting re-
gion in the dry polymer containing a small number of amorphous segments
and having dimensions in the range of 5-10 K. These dimensions are com-
parable with the range of ordering found for low molecular weight liquids
and are much smaller than the dimensions of ordered regions postulated
in some recent discussions 24 ' 25
.
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FIGURES
1) The variation of birefringence with stress for high cis crossl inked
1 ,4-polybutadiene rubber swollen in a variety of solvents (From Ref.
15, Fig. 15).
2) Mooney-Rivlin type plots for the birefringence-strain relationship
for solution vulcanized cis-1 ,4-polybutadiene. Samples were vul-
canized in solution containing a volume fraction of rubber desig-
nated by 4>
r
in the figure. (The symbol v in the figure corresponds
to
<J> 2
in the text). (From Ref. 19, Fig. 2).
3) The variation of the stress-optical coefficient of samples of cross-
1 inked 1 ,4-polybutadiene with cis content and for a number of swell-
ing solvents as compared with streaming birefringence data. (From
Ref. 15, Fig. 21).
4) The angles w and iJj defining the orientation of the vector r
R
and the
angles 6 and y defining the orientation of the principal polariza-
bility axis of the i th bond.
5) The partially ordered amorphous phase in which closely spaced chains
tend to lie parallel to each other.
6) The idealized two-phase model consisting of cylindrical ordered re-
gions imbedded in a disordered matrix.
7) The variation of the effective anisotropy of the statistical segment
of polyethylene with the diameter of the cylindrical ordered region
for several values of its axial ratio. Calculations are carried out
for paracrystall ine structure of the ordered region assuming a) Aa =
+1 A and Ab = + 0.5 A (dashed line) and b) - 1 A > Aa > 2 S and
- 0.75 > Ab > 1.25 K (solid line). Values are compared with the
range of calculated experimental values of A.
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CHAPTER III
EFFECTS OF BIREFRINGENCE AND
INTERNAL FIELD ON OPTICAL DICHRQTSM
ABSTRACT
The effects of birefringence and internal field on optical
dichroism was examined by solving the Maxwell's equation. The
solution was applied to three morphologically different samples
i
(1) Single crystals, (2) Amorphous polymer and (3) Polycrystalline
polymer for the consideration of the effect. The correction
factors have been obtained and the processes of correction have
been discussed. The results also reveal that the experimental
results measured by installing the polarizer before the sample or
after the sample are identical. It is also concluded that a single
crystal is the better sample for the purpose of structure studies
by polarized radiation technique. Comparison with the theory
developed by Cunningham et al is discussed.
INTRODUCTION
Optical dichroism, e.g. ultraviolet dichroism, visible
dichroism and infrared dichroism, have been utilized in the deter-
mination of molecular structure as well as in the characterization
of molecular orientation of polymers (1-5). The use of this
88
ses
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ar
technique comes from the fact that optical absorption ari;
from the interaction between the electric field of incident
radiation and the transition moments associated with the vibrati
modes of particular molecular groups. Consequently, as molecul
chains are oriented, the absorption will show dichroic effect
with a polarized incident beam.
The molecular orientation can be expressed as a function of
dichroic ratio, which is the ratio of absorbance with incident
beam polarized parallel to the fiber axis and that with incident
beam polarized perpendicular to the fiber axis (6). However,
the assumption underlying the derivation is that absorption is
the only interaction between the matter and radiation as the beam
passes through the sample. This is not true because there are
other interactions like polarization of the dielectrics occurring.
Particularly, in an anisotropic sample these interactions are not
identical in all directions, thus their effects will affect the
dichroic ratio and obscure the interpretation of molecular orien-
tation based on dichroism measurement. For instance some peptide
single crystals show that the direction of maximum absorption
always coinciding with a principal optic axis direction regardless
of the orientation of the transition moment (1).
The problem of the effect of birefringence on optical di-
chroism of some organic single crystals has been examined by Ward (l).
More recently, Cunningham, Davies and Ward (7) have developed a
theory to account for the internal field effect (local field effect)
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on the infrared diohroism of polyethylene terephthalate. The
latter approach employed the Lorentz-Lorenz or Clausius-Mosotti
equation to account for the internal field effect.
The purpose of this Chapter is to re-examine the relationship
between molecular orientation and dichroic ratio, taking account
of the effects of birefringence and internal field. Our approach
is similar to that of Ward _ except that while Ward only considered
the birefringence effect, we try to take account of both the hire-
fringence effect and the internal field effect in which
Maxwell's electromagnetic equations are rederived with consideration
of birefringence and internal field effects. Furthermore, an
anisotropic sample, i.e. a stretched polymer film, will he con-
sidered as a general case and the derivation of the theory will
be done with consideration of the present experimental set-up.
The theory will be applied to calculate the molecular orien-
tation from the experimental results on PET obtained by Cunningham
et al (8). It will be shown, by adopting the Lorentz-Lorenz
equation to account for the internal field effect, that the results
are in reasonable agreement with those obtained from the theory
of Cunningham, Davies and Ward (7).
THEORY
As the radiation passes through the medium, its electric
field will interact with the absorbing groups and with the chemical
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bonds of the medium. The former interaction gives rise to absorpti
and the latter gives rise to polarization of the chemioal bonds.
We shall only consider nonconducting nonferromagnetic materials
which include perhaps all the synthetic organic polymers. In
such a medium, it is the absorption, rather than conduction, to
be the function of dissipating the electric energy. By adopting
the analogy between conduction and absorption in terms of energy
dissipation, one may express the energy dissipated by absorption
in the form (1,9)
where -W is the rate of dissipation of electrical energy per
cubic centimeter per second. (J?j are the components of the
absorptivity tensor. represents the component of
the effective electric field. The effective electric field is
introduced in place of the applied electric field because the
actual electric field interacting with the absorbing groups
inside the sample is this effective electric field which includes
the applied electric field of the radiation and the internal
electric field arising from the surrounding induced dipoles re-
sulting from polarization of the chemical bonds of the medium.
The effective electric field may be expressed in the form
on
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for an anisotropic medium. Where jL, are the components of the
internal field factor tensor and E
p
is the component of the
applied field. Combining equs. (1) and (2), one obtains
*a*\ J f n f I
where
and
E is the applied electric field of the radiation.
In the case of an isotropic medium, the internal field factor
can be expressed as a scalar by adopting, for example, the Lorentz
Lorenz spherical cavity model (10). It has also been shown that,
for an orthorhombic crystal, the three i*'/^ which associate
with the three optic axes can be calculated based on knowledge
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of the crystal structure (11). m the case of a deformation-
induced anisotropic medium such as a stretched polymer, it is
difficult to calculate
fyf
based on the structure because the
exact structure is usually not known. The L
f
can still be esti-
mated by the assumption of some sort t>f model (10,12). In order
to simplify the treatment, we shall assume that the internal
field factor tensor can be diagonalized with the three mutual
perpendicular optical axes as reference coordinates. Consequently,
we need consider only the three diagonal components, J^U
, of
the internal field factor tensor and eq.(4) becomes
The components of (Jxj can be expressed as
where £»4 is the direction cosine of the &th transition moment
in the X th direction. CT can be shown to be related to the square
of the transition moment as follows. The rate of dissipation of
electrical energy per second due to the absorption of a perfectly
oriented transition moment may be given as (13)
_ J±L _ tv'v ju1 f (V) (7)
fj 3k J
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where 4 is Planck's constant, » the frequency of radiation,
N the net number of absorbing groups per unit volume eligible
for transition and M the transition moment. f(J» is the radiation
density, which can be expressed as (9)
f<» f£ $i to
Substituting eq. (8) into eq. (7) and by comparing with eq. (1)
for the case of a perfectly oriented transition moment, this yields
or OT can be related to the absorption coefficient obtained from
experiment, K
exp , by (13)
SirM
where C is the velocity of light in vacuum.
The vector of the dielectric displacement can be expressed
as (1,9)
2. = 00
where |£*vj is the dielectric tensor.
By consideration of the law of conservation of energy, it
can be shown (9) that
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Curl f = - -L M
c at (is)
where is the magnetic field of the radiation and C the velocity
of light in vacuum.
In optical dichroism measurement, one is considering only
the interaction between the electric field of the radiation and
the transition moment. Thus by eliminating H from eqs. (12) and
(13), it yields (1)
J
Eq. (14) is identical to the one obtained by Ward (1) except for
the inclusion of %U and \jj to account for the internal field
effect.
The electric field of the radiation propagates through the
medium must satisfy eq. (14). To solve eq. (14), one may assume
a solution of the form
This represents a plane wave propagating in the direction given
by the direction cosines £ , /jj and ft .
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To solve eq. (14), one substitutes eq. (15) into eq. (Ik)
and obtains eq. (16). The determinant of the coefficients of
the di in eq. (16) must vanish in order for the di to be
consistent, consequently one obtains eq. (17).
e
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It can be shown, as in the case obtained by Ward (1), that
the coefficient of q6 in eq. (17) always vanishes on account
of the condition
+ = / (l8)
and eq. (17) is a quadratic equation in q2 . To further simplify
the problem, one may consider the case as shown in Fig. l, where
XV x2 and x3 are the principal optic axes and a polarized radiation
propagates along x2 with its electric field ^vibrating in the
x
x
x
3
plane and forming an angle 0 with x± . We may further assume
that the incident radiation is normal to the sample surface, thus
there is no complication of refraction, consequently m = 1 and
& = n = 0. The transition moment of the medium has a component
residing in the plane x^ and this component makes an angle
<f>
with x
± .
The other component of the transition moment need not
be considered because it is perpendicular to the electric field
of the radiation and thus there is no interaction. It follows
from eq. (6) that
I
where CT = A/CT"
. Furthermore, since we define the optic axes as
the reference coordinates, then
Eq. (17) now reduces to
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= o
The solution of eq. (21) is
or
p - ^3 77= ' *
Substituting eq, (22) into eq. (16), one obtains the ratios of
the amplitudes
f*0
j. - •/( — a) =
/
U4)
2 2for q = q , called type I waves, and
2 2for q = q^ » called type III waves.
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The electric field of the incident beam in the boundary
plane can be resolved into three components (see Fig. l)
£3 - t0 44~>6 e
Continuity must be maintained as the radiation across the
boundary. If we neglect the loss of reflection, then it can be
shown that the two types of waves in the medium are
Type I
r- /n ' fit ~ ?/ *a/r )
^-Eoiyc^a e f 1 * c J
Type III
t0 i<^&- <fc*o&) e (27)
Because %« I (for instance. ~~ = 6 .42 x 10" 5 for the band of
1
*
189^ cm" of polyethylene using the absorption coefficient obtained
by Read et al (14)), therefore, the higher order terms of
7f
were
neglected. The solution is identical to that obtained by V/ard (1),
as to be expected, except the inclusion of 4n and $73 (Note 1
eqs. (24) and (25) are not the same as those obtained by Ward, the
latter appears to be in error. Furthermore, <T = A/(T instead of 0
1
'I
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is used because CT is defined to arise from a single transition
moment according to eq. (6). Assume the thickness of the sample
is x
2 =
d, if the higher order terms of rj are neglected, then
the intensity of the beam emerged from the sample will be
Type I
Type III
j; ~ o
and the total intensity of the radiation emerged from the sample
is
where
c Jfe
Cr
)
Since p and in turn I? are very small, one may neglect the terms
containing I? and eq. (2?) becomes
Type I
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and Type III
For the convenience of further discussion, we shall consider the
case in which the electric vector of the incident beam is at an
angle 0 to x
x
and the electric vector of the exit beam at an
angle fl# to xr The electric field of the exit beam, E- and
that perpendicular to E*
,
E^
, can be shown to be
a (32)
Combining eqs. (23), (30) and (32), one obtains
00
where K. and Kj are absorption coefficients as defined in eq. (30).
S is the retardation defined as
The intensity of the beam is
101
^. "Kef
In the event that the incident beam is unpolarized and the
polarizer is placed behind the sample, then the intensity measured
by the detector is
2/ J* to b: r i
If the optical density is small, i.e. K
±
d « 1 and K
3
d « 1,
eq. (36) can be expanded in the form
and the optical density
where T -
DISCUSSION
The conditions we set for the derivation of the theory are :
(1) The incident beam is normal to the sample surface, therefore
no refraction arises. (2) The beam propagates along a principal
optic axis. This restriction can be met in the cases of single
crystal and amorphous polymer. In the case of a semicrystalline
polymer, this condition cannot be satisfied because the crystals
of the sample have different orientation and thus the optic axis
of the sample does not coincide with the optic axes of the
crystals. (3) The internal field factor tensor can be diagonalized
(3g)
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with the optic axes of the sample as reference coordinates.
W Another assumption underlying in the derivation of the theory
is that the optic properties, i.e. birefringence, etc. of the
sample along the beam path is homogeneous. This assumption is
not valid in the case of semicrystalline polymer because the
optical properties of the amorphous regions and the crystalline ones
may be different.
The result of eq. (29) is obtained by passing a linearly
polarized beam through the sample with the electric field of
the incident beam vibrates in the direction which makes an angle
d with Xl , while Ix of eq. (36) is obtained by passing an unpolar-
ized beam through the sample and by placing a polarizer behind the
sample with the plane of vibration of the polarizer making an
angle &
o
with Xj
.
The only difference in these two cases is the
position of the polarizer, i.e. in the former case the polarizer
is in front of the sample while in the latter case the polarizer
is behind the sample. As one can see the results are exactly the
same. This means, in contrast to the prevalent view (15), that
the position of the polarizer does not affect the result.
The results of eq. (30) indicate that the absorption coef-
ficients include the refractive index and the internal field
factors. The inclusion of refractive index in the absorption
coefficient has been mentioned by Ward (1). This is the first
evidence of the effect of birefringence on optical dichroism.
In the following discussion, we shall consider separately
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three cases with regard to the effect of optical anisotropy on
dichroism, namely (1) single crystal. (2) Amorphous polymer.
(3) Semicrystalline polymer.
(1) Single Crystal
For a single crystal, one can always choose the principal
optic axis as the direction of the incident beam. The optical
density measured with the beam polarized in the directions at
angles and 90° + 9o to the optic axis x 1 is shown in eq. (38).
The dichroic ratio is
y&x* « = — —rp
—
—
— ——. ( 3i J
when Q
o
= 0 in which the plane of vibration of polarizer coincides
with the cptic axis
or
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D represents the true dichroic ratio with respect to the
optic axis^x^ The result of eq. (40) indicates that a correction
factor, [^J'(jf) , should be included to estimate the molecular
orientation from the measured dichroic ratio. The results of
eq. (39) also indicate that, in the case of an anisotropic crystal,
one will not observe D = c~
,
as one does with the isotropic materials,
when the absorption is measured with the beam polarized in the
directions parallel and perpendicular to the transition moment
except in the case when the transition moment coincides with the
optic axis.
If the transition moment is along an optic axis, say x^, when
sin^ = 0 and cos
<f>
= 1 and eq. (39) becames
Under this circumstance the dichroic ratio represents the molecular
orientation with respect to the plane of vibration of the radiation.
The result of eq. (41) indicates that the internal field has
no effect on dichroisra if the transition moment is along the optic
axis. The same conclusion has been reached for a crystal in
another approach (16), in which we considered only the effect of
internal field, neglecting the birefringence effect, on the ab-
sorption.
(2) Amorphous Polymers
In the case of amorphous polymers, optical anisotropy developed
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because of the deformation. The anisotropy could be uniaxial
or biaxial dependent upon the mode of deformation, i.e. uniaxial
or biaxial deformation. As far as the effect of optical anisotropy
is concerned, there is no difference between the uniaxial aniso-
tropy and the biaxial anisotropy as long as the beam propagates
along a principal optic axis.
Here we shall consider only uniaxially stretched polymers,
which are the materials we have studied. The principal optic axes
are in the directions parallel and perpendicular to the stretching
direction. The dichroism is measured with the beam polarized along
the directions parallel and perpendicular to the stretching
direction. This condition corresponds to that of d0 =0 of eq. (38),
thus
d J77,
Since in an uniaxially oriented polymer all orientations of the
transition moment around the stretching direction are equally
probable, it can be shown (6) that
10?
and the orientation function of the polymer chain can be expressed
as (6)
r P. + 2 j) -
1
if the orientations of the transition moment around the polymer
chain are equally probable. Where
2
and DQ 2 cot cl where cL is the angle between the polymer chain
and the transition moment.
(3) Polycrystalline Polymers
The situations in polycrystalline polymers are far more
complicated. Here there are amorphous regions and crystalline
regions. The anisotropy of the amorphous regions is dependent
upon the extent of deformation and is different from that of the
crystal. Furthermore, the crystal are partially oriented, which
means each crystal has its own orientation with respect to the
incident beam. It is obvious then that the local anisotropy is
different throughout the entire sample. Under these circumstances
it is very difficult to have a good estimate of the effect of
anisotropy on the optical dichroism. One may consider, as an
approximation, only the macroscopic anisotropy and neglect the
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local heterogeneity, then the results obtained for amorphous
polymers, eq. (45), are applicable for both the crystal orien-
tation and the amorphous orientation. However, one must bear
in mind that this is only an approximate solution and a difference
in the values of orientation function measured by optical dichroism
and other techniques is expected to exist even with the correction
of the anisotropy effect.
For a deformed polymer, the refractive indices, Je„ and JSJsi ,
are measurable quantities. However the internal field factors,
•in and ^ 3 , are difficult to estimate as we mentioned earlier.
However, for the crystal orientation of the polycrystalline poly-
mers, one may use the internal field factors of the crystals
instead of the internal field factors of the sample because the
induced dipoles in the amorphous regions contribute negligibly
to the internal field if the crystals are not too small (11).
Consequently, if the transition moment is along the optic axis,
then eq. (45) becomes
where Ji>, and J7ji are the refractive indices of the sample (not
the crystal)
.
The values of refractive indices of a stretched polyethylene
in the infrared region are not available in the literature at
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present. However, one may use the refractive indices of a highly
oriented polyethylene in the visible region to estimate the effect
of birefringence on the dichroic ratio. The values of refractive
indices of such a highly oriented polyethylene were found to be
(17) fa - 1.58 and J§3 = 1.52. Tnus according to eq. (46),
the correction results in about k % difference in the dichroic
ratio.
There have been attempts (18) to determine the direction of
the transition moment by comparing the orientation functions of
crystals measured by infrared dichroism and x-ray techniques.
From the above discussions, it appears likely that the results
may be subject to considerable error without taking account of
the effects of birefringence and internal field, particularly
the latter when the transition moment is not along the optic
axis. The single crystal appears to be the desirable sample
for such structure determination according to the previous dis-
cussion. Furthermore, theory has been developed (11) to estimate
the internal field factors for the single crystal; the internal
field effect appears to be the dominant factor as one can see
from eq. (40)
.
W Comparison With The Theory Developed By Cunningham et al
Recently a similar theory of the effect of internal field
on the infrared dichroism has been developed by Cunningham et al (7).
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Their approach is based on the Lorentz-Lorenz equation in which
both refractive index and the molecular polarizability are assumed
to be complex. The real parts of the refractive index and the
polarizability are related to the electronic polarization process
and the imaginary parts of the refractive index and the polar-
izability are related to absorption. By solving the Lorentz-
Lorenz equation, the dichroic ratio can be expressed as a function
of refractive indices and absorption coefficients of the sample
measured with linear polarized radiation.
The difficulty involved with the use of Lorentz-Lorenz equation
is, as pointed out by Stein (10). that for a highly oriented
sample this equation may not be adequate to describe the internal
field. Other models, for instances the cylindrical cavity model
(10) and the ellipsoidal cavity model (12), have been proposed to
describe the internal field of a highly oriented sample. Recently,
a theory has been developed to calculate the internal field of
a polyethylene crystal on the bases of a detailed model of inter-
action rather than by assumption of a cavity model (11). The
results indicate that the internal field factors estimated from
this theory are very different from those calculated from the
Lorentz-Lorenz equation.
The present theory does not involve any specific modeling
of the internal field. The theory is developed with the assumption,
among others, that the internal field factor tensor can be diag-
onalized with the optical axes as reference coordinates as discussed
previously. In order to test the theory, we have used eqs. (**5) and
(4*0 to calculate the mclecular orientation of PET, using the
Ill
experimental data kindly supplied to us by Prof. I. M. Ward of
the University of Leeds in England. Here we use the Lorentz-
Lorenz equation to calculate the internal field factors. Thus
1,. .- 2lA±±_ m J±i± («7)
The results are shovm in Figs. 2 and 3. Where
D - '
p +2
and <%b)Zf is the molecular orientation from birefringence
and is taken directly from Ref. 8. For the purpose of comparison,
the uncorrected results of the 795 cm" 1 band are also shown in Fig. 2.
The results calculated from the present theory are in good
agreement with those obtained by Cunningham et al (8). This seems
to mean that, for the state of orientation of the PET sample, the
Lorentz-Lorenz equation is adequate in describing the internal
field of the sample.
We would like to point out that the present theory can be
applied in a very general way by solving Maxwell's equation (eq. (1*0)
without imposing any restriction on the internal field factor
tensor. Furthermore, the internal field factor can be expreseed
as complex number to include the contribution to the internal field
from the transition moments of the vibrating absorbing groups.
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CAPTIONS TO THE FIGURES
Diagram showing the reference coordinates of the sample.
Xj, x2 and are the three optical axes. is the transition
moment of an absorbing band and E is the electric field of
the incident beam.
Values of ?2(e
m ) <
P
2 (e) > ir for the 795 cm
" 1 band as a
function of <(P2 (6) ^> opt . The solid points are corrected
results and the open points express the uncorrected results.
Values of P2 (em ) <P2 (6)^> for the 875 cm"
1 band as a
function of /P^(G)\ . The results are corrected.x 2 / opt
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CHAPTER IV
THE ELONGATION AND TIME DEPENDENCE OF the;
CRYSTALLINITY OF LOW DENSITY POLYETHYT.TWtt
D. Peiffer, S. D. Hong and R. s. Stein
Polymer Research Institute and
Department of Chemistry
University of Massachusetts
Amherst, Massachusetts 01002
SYNOPSIS
It has been presumed in studies of the orientation of low
density polyethylene and its time dependence that the degree of
crystaliinity remained constant with elongation and did not vary
with time following elongation. This paper represents a test of
this hypothesis by several methods. Ths change in crystaliinity
accompanying stretching has been followed by a modification of
an x-ray method proposed for uniaxial orientation by Ruland in
which diffraction peaks are resolved into crystalline and amorphous
components and their respective areas are determined by two-
dimensional integration over both the Bragg angle and the azimuthal
angle of diffraction. The weight fraction crystaliinity is then
determined from the ratio of the weighted crystalline area to the total
area. There appears to be no significant variation in crystaliinity up
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to 50% sample elongation for both slowly and rapidly stretched samples
at room temperature. The dynamic crystallinity change accompanying
small amplitude vibration has also been determined by the dynamic x-ray
diffraction technique and found to be negligible over a wide range of
frequency. The degree of crystallinity has also been evaluated from the
absolute infrared absorbence of crystalline sensitive bands and has also
been found to be independent of elongation at room temperature up to 80%
elongation. Changes have also been observed by this method during re-
laxation at constant length following rapid extension and have also been
found to be negligible. These results also indicate negligible changes
in rotational isomer population. Consequently, we conclude that changes
observed during relaxation and vibration arise from orientaticnal changes
rather than changes in the degree of crystallinity.
INTRODUCTION
The birefringence change occurring upon elongating a crystalline
polymer has been separated into crystalline and amorphous contributions
using the equation 1 > 2
A - *
c
A
c
+ (1 - *
c )
A
a
+ A
f (1)
where * is the volume fraction crystallinity, A and A are the val-
c c a
ues of birefringence of pure crystalline and amorphous polymer and A^
is the form birefringence. The change in birefringence with elongation
has been ascribed to the change in orientation of crystalline and amor-
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phous polymer using, for uniaxial crystals
A = A° f
c c c
where A° and A° are the intrinsic birefringence values for the perfect-
ly oriented phases, and f and f are the orientation functions of these
c a
phases defined, for example, by
f
c
= [3<cos2e
c
>- 11/2 (4)
where 0 is the angle between the crystal optic axis and the stretching
c
direction.
It is presumed in the application of these equations to the analy-
sis of the static and dynamic orientational changes 2
" 6 that <j> remains
constant. It is the purpose of this paper to investigate whether this
assumption is correct.
X-RAY STUDIES
Crystal! inity is determined by a number of methods, including den-
sity studies 7 , calorimetry 8 , x-ray diffraction 9 and infrared spectrome-
try' 0 . For study of the time dependence of the degree of crystal Unity
for samples subjected to stress, the x-ray and infrared methods are most
convenient. The conventional method 11 ' 12 using x-ray diffraction is to
(2)
(3)
determine the relative areas of crystalline to total diffraction of a
plot of corrected diffracted intensity vs. Bragg angle. A more correct
approach has been described by Ruland 13 who has proposed the equation
/ CO m CO
o
s2
'cr
ds Jo
32 72
r
ds
X = i2 £T # cr_ (5)
• a
0
C /°° 52 1 ds Ds 2 f 2 ds
where X is the weight fraction crystall ini ty , s is the magnitude of
the reciprocal space vector. (2/x) sin e, 6 is the Bragg anqle, I
cr
is the part of the coherent scattering at s under the crystalline peak
and I is the total area under the total coherent diffraction. T2 is
defined by
f2 = E N. f. 2/Z N. (6)
where N.j is the number of atoms of type i having scattering factors, f ^
.
D(s) is a disorder function which takes into account the loss of inten-
sity concentrated at reciprocal lattice points due to deviations of the
atoms from their ideal positions. To a first approximation for unorien-
ted systems, this may be taken as exp (-ks 2 ), where k is a parameter
characterizing the extent of disorder which includes the effects of both
thermal fluctuations as well as lattice imperfections.
In practice, the integrations of Equation (5) are usually taken over
a finite range (from s to s ) so that it may be written in the form
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= K(s
o
,s
p
,D,f )
Jsq
P
s
2
I
cr
(s) ds
/s
Sp
s
2 I(s) ds
0
(7)
where
r s
s
2 f 2 ds
(8)
s
2 f 2 D ds
A value of k is chosen to evaluate K such that a value of X is obtained
c
which is independent of the integration limits.
For a uniaxial ly oriented sample, the diffracted intensity is depen-
dent upon the azimuthal as well as the Bragg angle in which case
where u is the solid angle and a is the azimuthal scattering angle (Fig-
ure 1). It should be noted that the sin a weighting factor is necessary
in Equation (9) so, as has been pointed out 114 , the often used procedure
of randomizing orientation by spinning a film about its normal may lead
to error. Either randomization in three dimensions is necessary or else
the integration of Equation (9) must be carried out numerically or by
mechanically including an attenuator in the diffractometer to introduce
the sin a weighting factor 15 .
o
(9)
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Experiments were carried out on a Monsanto low density experimental
polyethylene (M
R
= 1.67 x 10\ M
w
= 6.20 x 10 5
, melt index 7.0) identical
with that used in our preceding rheo-optical investigations 4 " 5
.
Samples
were prepared by molding films 600 pm thick in a laboratory press at
10,000 psi and 155°C for 5 min. after which they were quenched in an eth-
anol-dry ice bath. Statically drawn samples were homogeneously stretched
at room temperature in a hand operated stretcher and were clamped at con-
stant length for x-ray studies. X-ray measurements were made using our
dynamic diffractometer 16 in a static mode using CuKa radiation. Measured
relative intensities were corrected using 17
<» «> - [i exp . - W. e " yd sec9]
p d sece i r i 1x
L sece J Lsin 2e J
(10)
*incoh.
where is the background intensity obtained without a sample in
the apparatus, p is the absorption coefficient of the sample of thick-
ness d, and I. .is the incoherent scattering of the sample obtained
incon.
by assuming that the diffraction at an angle of 28 = 55° was entirely
incoherent. (While a somewhat greater angle would have been desirable,
this angle was chosen because of instrument limitations.)
It is noted that s ? I(s) ds = (8/A 3 ) I(2o, a) sin 2 9 cose d9. A
typical plot of I(2o, a) sin 2 9 cose vs 8 for several values of a for a
sample stretched 30% is given in Figure (2). Each of these plots is re-
solved into its crystalline and amorphous components and the areas under
the plots of the total intensity and the amorphous parts are plotted
against the azimuthal angle, a as shown in Figure (3). The area under
the crystalline contribution is then determined by difference. The
ratios of these areas then gives the ratios of the integrals of Equa-
tion (7). It has been arbitrarily assumed that K = 1 so that the val-
ues of X
c
are relative values. Thus, conclusions concerning the varia-
tion of X
c
with elongation are dependent upon whether K varies with
elongation. It is conceivable of course that the degree of disorder
may vary with elongation and lead to a variation of K.
The variation of X
c
with elongation for a sample stretched to 50%,
in a stepwise manner, holding the sample at each elongation for 24 hours
is plotted in Figure (4). After stretching was completed the strain was
relaxed by steps. It is noted that upon release of the stress, the sam-
ple recovers to about 20% elongation. There appears to be a slight de-
crease in crystal 1 inity from 46 to 43% on stretching with no further
change upon relaxation. Subsequent stretching to 50% strain produces no
further change of crystal! ini ty. The density of films used in the static
strain experiments were measured by the floatation method in a water-
ethanol mixture at room temperature and indicated weight fraction crystal
linities of 0.474 for the unstretched sample and 0.453 for the stretched
and totally relaxed sample.
We then applied a similar analysis to a sample stretched at high
speed as described by Stein and Finkelstein 5 ' 6 . The sample was elongated
to its ultimate elongation in about 10 msec, using a spring loaded
stretching device. In this case, diffracted intensities were obtained
using a high intensity rotating anode generated providing AgKa radia-
tion. Since the equipment only involved single channel recording it
was necessary to carry out a separate experiment using a new sample at
each pair of diffracting angles. Intensity data were displayed and
photographed from an oscilloscope trace.
Data were analyzed using similar procedures to those for the static
experiments. A typical variation of X,. with strain obtained with hiah
speed elongation is shown in Figure (5). In this case, X is observed
to decrease from 46 to 40% during the elongation. The subsequent change
in X with time following high speed stretching is shown in Figure (6).
No appreciable change in crystallinity was detected.
The third study involved the determination of the variation of crys-
tallinity during the oscillatory strain of the sample following the tech
nique described by Tanaka, et al. 4 using the data obtained by Chang 13 .
In this work, measurements had been made at positions of intensity peaks
at various azimuthal angles. For each intensity peak, an integral over
azimuthal angle defined by
(ID
may be calculated. In this case, the approximate equation for the frac-
tion crystallinity used
12k
y -
A
no +
A
2oo
, %A
c
~ Alln + A9nn +~A~~ 02)110 200 am
where A
11Q , A20Q and Aam are the integrated areas under the 110, 200 and
amorphous peaks. Then by differentiating with respect to strain
_^no
+ A
2oo }
110 "200 nam(A-i-m
+ Aonn + A
)^
(13)
where
AA.
.
, 0 /AI.\
Jo
The quantities (Al^/Ae) were determined experimentally for the 110, 200
and amorphous peaks. These are frequency dependent, and typical values
of AI^qo are plotted as a function of azimuthal angle at various fre-
quencies in Figure (7). The prime indicates the component of AI' which
is in phase with the strain.
The values of (aA^/Ac) for the 110, 200 and amorphous peaks are
plotted in Figure (8) as a function of frequency. The variation of the
values of (aX /Ae) with frequency calculated from these values using
Equation (13) are also plotted in this figure. The value is relatively
independent of frequency and has a value of about -0.3. This may be com
pared with a value of -0.16 as measured in the high speed stretching
equipment.
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II
I INFRARED STUDIES
Infrared measurements present an alternate means for following crys-
tallinity changes during slow or rapid extension. Furthermore, they pre-
sent a means for following changes in conformation with stretching. Sam-
ples for infrared studies were prepared in a similar manner to those for
x-ray studies with the exception that samples were usually thinner in or-
der that the absorbence be in a region where the precision of measurements
is good. Static measurements were made using a Perkin-Elmer Model 180
Spectrometer equipped with a Perkin-Elmer Model 186-0240 silver bromide
wire grid polarizer. Samples were stretched in a direction 45° to the
vertical. Measurements were made with the polarizer in the common beam
(in front of the entrance slit) of the spectrometer so that both beams
were subject to the same machine polarization. By having the sample or-
iented at 45° the intensities of the beams polarized parallel and per-
pendicular to the sample stretching direction was equalized. Absorbences
were calculated using
I I A = £n(100/T) (15)
where T is the percent transmission. Measurements are carried out for
polarization parallel (A| | ) and perpendicular (A
(
) to the stretching
direction.
Typical absorption spectra in various regions for oriented quenched
low density polyethylene samples are given in Figure (9). The assign-
ment of the principal absorption bands are indicated in Table I in which
references for the assignments are given.
The determination of the percent transmission (100 I./I , where
"C 0
I
t
and I are the transmitted and incident intensities) requires the
establishment of the baseline intensity. The procedure for specifying
this in an absorption spectrum involving overlapping contributions is
somewhat arbitrary. The procedure which we used is indicated in Fig-
ure 10 showing absorption spectra in two regions. We have measured our
intensities from baselines indicated by the solid lines in this Figure
which differ from baselines used by some other workers 10 ' 25 shown as
the dashed lines in this Figure. Read and Hughes 25 have shown that
the assignment of baseline (e) may be a better choice for the 2016 cm
-1
band for amorphous polyethylene. In order to check errors that may
arise from baseline choice, we have calculated A
q
for the 1894 cm
1
band as a function of elongation using the two different baselines la-
beled (c) and (d) in the figure. Although the absolute values of absor-
bence calculated using these two different baselines are different,
the change in A
q
with x is not appreciably affected by the choice. The
same conclusions follow for the bands at 1375 cm"
1
, 1368 cm"
1
,
1352 cm
1
and 1303 cm
-1
where the baseline (b) was suggested by Witenhafer and
Koenig 27 . The use of the horizontal baselines simplifies our dynamic
experiments in that measurements are only required at two different wave
lengths for each band rather than three as would be required for sloping
base! ines.
It is noted that the absorbence for oriented samples is dependent
upon polarization. The dichroism (D A
j
j
/A
|
) serves as a measure of
orientation which is of interest in other studies"-
1 ' 28
.
For purposes
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of determining the amount of crystalline phase, the average absorbence
is of interest, defined as
AQ
= (A
]
+ A
2
+ A
3
)/3 (16)
where A-j
,
A,, and A^ are the absorbences for radiation polarized paral-
lel to the three principal axes of the sample. For uniaxial orientation,
A = Am and A 0 = A = A I so that
> h L 3 1
A
Q
= (A|| + 2A
i )/3 (17)
It is noted that in order to determine A
Q
, it is necessary to measure A|j
and A i separately. A measurement with unpolarized radiation gives A^
which is
A
u
= (A
||
+ A
l
)/2 ° 8)
which differs from A
Q
.
A
Q
is proportional to the thickness of the sample, d, according to
the equation
A = e d (19)
o o
where e Q is the
extinction coefficient. For uniaxial orientation, d
varies with the elongation ratio, A, according to the equation
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d d
0A
V2 (20
where d
Q
is the initial thickness. Thus
A X 1/2 = E d (21)0 0 0 K '
1 /2
Hence, if the amount of absorbing material remains constant, A X '
o
should be a constant, independent of elongation.
This prediction may be tested through measurement of the 1375 cm" 1
band which arises from a CH^ symmetrical bending vibration and is inde-
1/2
pendent of crystal 1 ini ty. A plot of X A vs. elongation for this
o
band is given in Figure (11) which confirms this constancy and verifies
the assumption of uniaxial extension.
For a band which arises from crystalline absorption, such as the
1894 cm" 1 band, it follows that
(A ) X
1/2
= (e )„ d lr (22)v
o c o c 0 c
A plot of x'/
2
A
Q
vs. elongation ratio for this band is shown in Fig-
ure (12). It is seen that there is little variation with extension,
confirming the constancy of X
c<
The constancy of crystal 1 inity may be further studied by examining
bands arising from amorphous absorption. Plots of AQ (v)/Ac (1375
cm"
1
)
for three such bands are given in Figure (13). Dividing normalizes the
absorbence and corrects for the thickness changes. While this procedure
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is superior to that given previously using Equation (22), it is not al-
ways possible to employ it because of the large differences of absor-
bence of the band to be studied and the reference band.
Figure (13) suggests that the relative amount of amorphous phase is
independent of elongation. Furthermore, as is seen from Table I, the
conformational dependence of these three amorphous bands is different.
The 1354 cm" 1 band is believed to arise from gg sequences while the 1303
and 1368 cm" 1 bands are believed to arise from gtg or gtg' sequences.
Consequently, the similar independence of elongation for those three'
bands suggests that the relative population of these sequences does not
change with elongation. This is not surprising in view of the relative-
ly small range of elongation.
Thus in agreement with the x-ray results, the static infrared mea-
surements demonstrate little dependence of X on elongation. The in-
frared technique may also be used to follow crystal 1 inity changes dur-
ing and after high speed elongation. This may be done using the high
speed spectrometer previously described28 in which samples are elonga-
ted in millisecond time periods using a pneumatic-hydraulic device.
Data obtained in this way is shown in Figure (14) for the 1894 cm
-1
crystalline band which again indicated little change in crystall inity
with elongation or during the subsequent relaxation. Data for one of
the amorphous bands at 1354 cm" 1 is shown in Figure (15) which indicates
some increase in amorphous content with time. However, the precision of
these results is low.
CONCLUSIONS
It is seen that static and dynamic x-ray diffraction and static and
dynamic infrared studies indicate that the change in crystal! inity dur-
ing extension of quenched low density polyethylene at room temperature
is small, perhaps amounting to a 5% decrease. This result may be com-
pared for example with that shown in Figure (16) 5 in which the total
birefringence change is resolved into components arising from crystal-
line and amorphous contributions using equations like Equations (1) and
(2). The five-fold increase in crystalline birefringence contribution
was calculated from x-ray measurements of crystalline orientation func-
tions obtained by assuming that the x-ray intensity changes represent a
change in crystalline orientation rather than a change in amount of crys-
talline material. The results of this paper, calculated in part from the
same data strongly demonstrate that the intensity changes leading to this
conclusion of a large increase in crystal orientation would not be appre-
ciably affected by the small decrease in X that may simultaneously oc-
cur. Similar conclusions would apply to the measurement of orientation
changes by the infrared technique in this 21 '
28 and other laboratories 29 .
We 4 and others 30 have concluded that the alpha mechanical loss mech-
anism is primarily a process associated with changes in crystal orienta-
tion. It has been assumed 31
' 33 that these processes involve inter and
intracrystalline slip processes depending upon such phenomena as rota-
tions about crystal axes and slipping of chains within crystals along
their c-axes. It has been suggested
34
,
that because of the correspon-
dence of the temperature cf the alpha loss process and that at which
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crystal melting begins, that this process may involve a melting of crys-
tals and a recrystal 1 ization in a new orientation. Our measurements do
not preclude this possibility. However, such recrystall ization process-
es would have to conform to our observations that the total degree of
crystal! inity remains constant, so that the melting and growth of crys-
tals would produce compensating changes in X . This requirement imposes
strong restrictions on the kinetics of the recrystall ization processes
in that this compensation must be maintained over a 10 1* range of exten-
sion rates. Also the recrystall ization processes must be such as to lead
to different kinetics of orientation change with respect to different
crystal axes.
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TABLE I
Principal Absorption Bonds for Polyethylene
Frequency Phase Assignment
2016 cm- 1 A,C Combination between the raman-active twisting mode and
the IR-active rocking mode of CH^ group 19 ' 20
1894 cm- 1 C 10,21 Combination between the raman-active and the IR-active
rocking mode of Ch^ group 19 > 20 > 22
1375 cm" 1 A CHg symmetric bending mode 19 ' 23
1368 cm" 1 A Ch^ wagging (symmetric with respect to the center trans
bond) in gtg or gtg' conformation23
1352 cm-1 A CH^ wagging mode in the gauche conformation or in gg con-
formation22
1303 cm' 1 A CH~ twisting mode in the gauche conformation
19 > 2I+ or CH
2
wagging mode (antisymmetric with respect to the center
trans bond) in gtg or gtg' conformation 23
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FIGURES
1) The angles for x-ray diffraction.
2) The variation of I (29, a) sin 2 e cose with 0 for a 30% stretched
quenched polyethylene sample at several azimuthal angles.
3) The variation the area under the amorphous contribution to Fig-
ure (2) S
am
(a) and the total area S(a) with a for a quenched
polyethylene sample stretched 30%.
4) The variation of X
c
with percent strain and subsequent relaxa-
tion for a slowly stretched sample of quenched polyethylene.
5) The variation of X with percent strain for a rapidly stretched
Kg
sample of quenched polyethylene.
6) The variation of X with time following the high speed stretch-
1ng of quenched polyethylene.
7) The variation of A
I
^qq and aI^qq with azimuthal angle at several
frequencies at strain amplitude Ae = 0.01 for a quenched sample
of polyethylene.
8) The variation of (aA^/Ac) with frequency for the 110, 200, and
amorphous peaks for a quenched sample of polyethylene, and the
variation of (AX /Af.) with frequency calculated from those values.
9) Absorption spectra for oriented quenched polyethylene films in
various spectral regions. Elongation ratios and sample thick-
nesses are indicated.
10) The choice of baselines in the measurement of infrared absorbences
11) The variation of a
1 / 2 A
q
with elongation ratio for the 1375 cm
methyl deformation band.
-l
The variation of X ' A
Q
with elongation ratio for the 1894 cm" 1
crystalline band.
The variation on a
0
(v)/A
q
(1375) with elongation ratio for the
1303, 1354 and 1360 cm" 1 bands.
1/2
The variation of A A
Q
with elongation at 1894 cm" 1 during and
following high speed stretching of quenched polyethylene.
The variation of x A
Q
with elongation at 1354 cm" 1 during and
following high speed stretching of quenched polyethylene.
The variation in total birefringence and in the amorphous and crys-
talline contribution during and following the rapid stretching by
10% of a quenched low density polyethylene at 20°C. [From Ref. (5)].
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CHAPTER V
STUDIES OF THE RELATIONSHIP BETWEEN ORIENTATION
AND MECHANICAL PROPERTIES OF POLYETHYLENE
SYNOPSIS
The relationship between the molecular orientation and stress-
strain relationship of polyethylene samples having different mor-
phology were investigated. Polarized infrared and x-ray techniques
were employed for the studies of molecular orientation, and small
angle x-ray and small angle light scattering were applied for the
characterization of long, ^eiiou emd superstructure of i>aiuplv*^
,
respectively. It was found that, for the low density polyethylene
which had spherulitic superstructure, stretching the quenched sample
resulted in higher crystalline orientation and lower amorphous orien
tation as compared with the slowly cooled sample \ while the medium
density polyethylene, which had rodlike superstructure, gave rise
to rather peculiar amorphous orientation. This orientational be-
havior of polyethylene was discussed in terms of the Yoon-Stein
theory for crystalline orientation and the theories developed by
Petraccone et al and Flory and Abe for the amorphous orientation.
Also there was no good correlation between stress-strain relation-
ship and molecular orientation. The stress-strain relationship
was discussed with consideration of molecular orientation and
deformation mechanisms
•
INTRODUCTION
As we discussed briefly in the Chapter of General Introduction,
crystalline polymers may be represented as two-phase systems in
which crystals are interconnected by amorphous phases. The
crystals may be chain-folded lamellae or extended-chain crystals,
depending upon the crystallization conditions. The crystals are
not entirely perfect and may contain various kinds of defects
such as kinks, dislocations, surface defects like mosaic boundaries
and amorphous defects which are inclusions of disordered regions
within the crystal or at the surface of the crystal (1). The
amorphous regions may include regular chain folds, large chain
loops (irregular folds), chain ends (cilia) and tie chains which
interconnect lamellae together. Moreover, the lamellae may form
aggregates which in many cases have superstructure of spherulitic
or shish-kebab type.
When under stress, the structural elements of the crystalline
polymer, i.e., the lamellae and the various kinds of chains
in the amorphous regions, must reorient themselves to accomodate
the imposed strain. The processes of response of these structural
elements to the stress will deeply affect the mechanical properties
of the crystalline polymers. Thus the understanding of the
deformation processes of crystalline polymers has not only
scientific but also technological importance because of the
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important roles of these polymers play in the manufacturing
of fibers, films and construction materials.
There have been a number of studies investigating the
mechanisms involved in the deformation of crystalline polymers.
These include work on the deformation of single polymer crystals
(2-5) and of spherulites (6-7), studies of viscoelastic properties
and anisotropic mechanical properties of crystalline polymers
(8-13), and studies of rheo-optical properties of crystalline
polymers (14). The studies of the deformation of single polymer
crystals and of spherulites reveal various processes of deformation
of the crystal and the spherulites as a whole. The rtudies of
viscoelastic properties and anisotropic meoh^niop] properties
enable the interpretation of various mechanical losses in terms
of molecular processes such as interlamellar slip, intermosaic
deformation and shear deformation of the lamellae according
to Takayanagi et al (8-9), or such as interlamellar shear and
c-axis shear of the crystals by Ward et al (10-13). The
rheo-optical studies generally confirm the conclusions of
viscoelastic studies, but they provides more information
concerning the detailed orientation of the crystals and of
the amorphous regions (14).
The direct consequence of the stress (or the strain) is the
orientation of polymer molecules along the stretching direction.
This orientation of molecules reflects in changes in the
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mechanical properties (15) and in the viscoelastic properties
(10-13) of the polymers. There also have been reports on the
good correlation "between the stress-strain and the crystalline
orientation of low density polyethylene (16-1?).
Since the lamellae of crystalline polymers are interconnected
by amorphous chains, the crystalline and the amorphous orientation
of crystalline polymers of moderately high degree of crystallinity
may be very important in connection with the mechanical and
viscoelastic properties. This is because in these samples the
amorphous regions do not serve only as a matrix for crystalline
regions but rather both the crystalline and the amorphous regions
are actively participating in responding to the stress. Thus
to understand the structure-property relationship of these
samples, it is necessary to investigate both the crystalline
orientation and the amorphous orientation in response to deformation.
In order to get more understanding about the complex
relationships of the morphology, the degree of crystallinity,
the orientation and the stress-strain, crystalline and amorphous
orientations of samples of low density polyethylene with different
heat treatment and samples of high density polyethylene were
measured by x-ray and infrared techniques. The infrared
technique has the advantages of rendering not only the crystalline
orientation but also orientation of chain segments of various
15?
conformations in amorphous regions.; In order to correlate with
orientation with the mechanical properties, the stress-strain
relationship of these samples was also determined.
EXPERIMENTAL
SAMPLES AND SAMPLE PREPARATION
Monsanto experimental low density polyethylene (LDPE)
,
M8011,
and Monsanto medium density polyethylene (HDPE), MPE 220/27007,
were used. The M8011 sample has Mn = I.38 x lo\ Mw = 1.72 x 10 5
,
melt index = 2.9, I A long chain branches/lOOG and the MPE 220/27007
has Mn = 1.85 x lo\ Mw = 1.974 x 10 5
, melt index = 0.78, and
0.12 CHi/lOOC.
Pellets of polyethylene were melted between two photoferrotype
plates in a Carver Laboratory Press at 165°C for ten minutes
and were subsequently pressed at 12,000 psi at the same temperature
for ten minutes. The melt was then either quenched in a dry
ice-methanol bath or allowed to cool to room temperature at 5000 psi
in the press. The quenched samples will be designated as Q-sample
while the slowly cooled ones as SC-sample and the medium density
sample as the HDPE sample.
The characterization of the prepared films is summarized
in Table I. The density of films was measured by a density
gradient column of ethanol-water mixture at room temperature.
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The weight fraction crystallinity was calculated from the density
using the density of pure crystal and that of pure amorphous
material of polyethylene determined by Okada et al (18). The
spherulite size was determined from Hv low angle light scattering
patterns using the equation (19)
where R is the radius of spherulite, A is the wavelength of the
incident beam and Q max the position of maximum intensity of the
Hv scattering pattern at of azirauthal angle. The long
periods were ontained according to Bragg' s equation from small
angle x-ray scattering using a Rigaku-Denki camera with slit
collimation, where the intensity was desmeared and Lorentz corrected.
Infrared Measurement
Measurements were made on a Perkin-Elmer Model 180 IR
Spectrophotometer. Perkin-Elmer silver bromide wire grid
polarizers were used for the polarized investigation. The
differential method (double-polarizer technique) and, when the
absorption of the sample film was too high to use the differential
method because the recorder was malfunctioned due to low intensity
of the refrence beam, the conventional single-polarizer method
was used to determine the dichroic ratio.
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Details of the differential method were presented elsewhere
(20). In adopting this technique to the Perkin-Elmer Model 180 IR
Spectrophotometer, polarizers were placed in the sample chamber
and the reference beam chamber, respectively. The polarizers were
o
set at 45 to the entrance slit of monochromater j this was achieved
by using another polarizer, Perkin-Elmer Model 186-0240 which was
mounted in front of the entrance slit, as reference. The orientation
of the reference polarizer can be rotated by a dial. The ara
arrangement of the polarizers at ^5° to the entrance slit was
intended to have both beams subject to same machine polarization.
Contrary to the usual case where the two polarizers were set at
o
90 to each other, the two polarizers were arranged parallel to
each other. This arrangement was necessary because the sample
beam reflected one more time before both beams passed through
the polarizers, thus the component of the electric field of the
o 0
sample beam at ^5 to the entrance slit was rotated 90 from
that of the reference beam. A schematic diagram showing the
modification is shown in Fig. 1, The differential method directly
measured the difference of absorbance of both beams, thus it has
higher sensitivity than the usual single-polarizer technique (20)..
The sample films were mounted on a stretcher which was
capable of extending both ends simultaneously, thus the same
part of the film was maintained in the beam at all elongations.
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The stretcher was placed at the site inside the compartment
housing the source where the image of the source was focused.
A stream of cool air was blown at the sample to cool it. The
temperature of the sample was measured to be about 32°C.
For the bands of 730 cm" 1 and 1473 cm" 1
, even using films
of thickness about 0.0015-0.0025 cm, the absorption is still
too high to use the differential method. Therefore, the con-
ventional single-polarizer method was used to make the measure-
ment. The polarizer was mounted in a holder in front of the
entrance slit, thus both the sample beam and the reference
beam passed through polarizer and were subject to the same
machine polarization. The polarizer can be rotated by a dial.
The stretcher was placed at the sample compartment. Different
scans were made with the polarization parallel and perpendicular
to the stretching direction.
Strips of film of the size 3cm X 6cm and of various thick-
ness (0.0015-0.075 cm) were used for the investigation. The
films were stretched slowly in a stepwise fashion. Ten minutes
were allowed for relaxation before measurements were made.
Lines 0.5 cm apart were ruled on the undeformed samples i these
lines were used to determine the elongation ratio. For the
Q-sample of LDPE the deformation was quite uniform at all elon-
gation ratios. For the SC-saraples of LDPE and the HDPE sample,
the deformation was quite uniform at elongation ratios less
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than 1.5 for the former and 1.3 for the latter. The actual
elongation ratio was determined in the region where the beam
was transimitted.
The spectra were scanned at a speed of about 30 cm"Vmin.
The resolution was set at better than 4 cm" 1
. In the cases of
730 cm" 1 and 1473cm"* 1 , resolution was set at 2 cm" 1
.
In determining the dichroic ratio from the differential
spectra, the average absorbance for the unstrained polymer
was needed. The average absorbance of the undeforraed sample,
A0 , was measured with unpolarized light (the polymer in the
undeformed state was randomly oriented, at leaot in the plane
parallel to the sample surface as indicated by IR studies).
Since the elongation was uniaxial and there were no changes
in crystallinity and in conformation populations as shown by
the results of Chapter 4, the average absorbance of the sample
at extension ratio A was estimated by the relation
AcM = AAM/JZ (2)
Figure 2 shows the bands investigated in LDPE. The base
lines selected for various bands are also indicated. There
is different choice of the base lines for different bands,
as indicated by the dotted lines (18, 21-23). We have measured
the absorbance of 1894 cm"
1
, 1375 cm"
1
.
1368 cm" 1 , 135^ cm" 1
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and 1303 cm" as a function of the sample thickness using the
selected base lines. The results are shown in Figures 3 and k.
The plots of absorbance against thickness are linear and pass
through the origin; this is a good indication that the choice
of base lines is reasonable for these bands. While the orientatioi
function will somewhat depend on the choice of the base line,
the trend of change should not be greatly affected.
Figure 3 shows typical absorption spectra in various regions
for oriented low density polyethylene and Fig. k shows the
differential spectra. The base lines in the differential spectra
were obtained by scanning the spectra with an undeformed sample
in the beami it was found that the base line so obtained well
coincided with that obtained with no sample in the beam if the
sample had no preorientation and had a very good surface. In
some cases, the base line of the sample in the deformed state
changed because of changes in surface texture of the sample
which affects the reflectivity of the beam. Under these
circumstances, the base line was established by drawing a line
connecting the two points on the spectrum which were predetermined
as base line.
We did not correct for the effects of insufficient resolution
arising from finite mechanical slit width. The corrections
for band overlapping were made only for the bands of 730 cm" 1
and 720 cm"
1
as well as 1463 cm"
1
and 1473 cm" 1 by
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assuming the band shape could be represented by a Lorentz curve
where V is the frequency in cm"1
, jJt the frequency of the peak
maximum and a and b are constants. The bandwidth at half peak
intensity is
The measured half bandwidth was used as first approximation.
The results did show improvement, but since the process was
quite arbitrary, we only made the first correction and did
not pursue it further.
The reflection from the sample surface was also considered.
According to the equation derived by Cunningham et al (25)
it was estimated that for the 1^73 cm" 1 band, the effect was
about 10 %. for the other bands whose absorption are less
intense, the effect is not very significant. Therefore, the
reflection effect was neglected.
The absorption bands investigated for the dichroism are
listed in Table II. More detailed summary of the band assign-
ments is presented in Ref. 26.
a.
a)
All,, = 2 b (*)
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X-RAY STUDIES
The crystal orientation were determined by the x-ray tech-
nique. The apparatus, operation procedures, intensity correc-
tions and data treatments are described elsewhere (24). There
is an uncertainty about the contributions from amorphous phase
scattering to the intensities of various crystalline peaks.
Therefore three different procedures for correcting the amor-
phous contributions were undertaken. The amorphous halo was
assumed to be symmetry with intensity peaked at 19.4° of the
scattering angle (which is twice the Bragg angle), as shown
in Fig. 5. These three procedures included i (1) Assuming no
amorphous contributions! the orientation function so obtained
was designated as J*. (2) Assuming the ratio of I Q to I< and
that of I to I 2 were constant and independent of elongation^
(3) Assuming = 13 and I 2 = 1^, where I 1 and 1 3 as well as
I ? and 1^ were intensity at symmetric position with respect
to the amorphous peak at I 0 . I3 and 1^ were directly measured
along with the crystalline peak intensity. The orientation
function obtained by this procedure was indicated as +
STRESS-STRAIN MEASUREMENT
Tensile stress was measured on a table model instron (Instron
Engineering Corp., Model TM) . Sample were stretched at about
3 % per rain, in a stepwise fashion. Enough time was allowed
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for the stress to relax to constant value (about 1.5 min.)
.
For the Q-sample of LDPE, there was no sign of stress relaxation
for the sample stretched up to about 5 When relaxation did
small. In the cases of the SC-sample of LDPE and of the HDPE
sample, stress relaxation occurred at very small strain. Typical
stress relaxation for these three samples was shown in Fig. 6.
Attempts were not undertaken to determine the exact strain
where relaxation started to appear.
The sample were ruled with lines of 0.5 cm apart. The
strains of a small area were determined. True tensile stress
was estimated from the total load and the sample cross-section
with consideration of change in cross-section due to deformation.
It was assumed the sample being uniaxially deformed and having
constant volume.
ORIENTATION FROM INFRARED AND X-RAY MEASUREMENTS
1. Infrared
For a uniaxially oriented sample, the absorbance (A y/ )
measured with radiation polarized in the stretching direction
may differ from the absorbance (AjJ determined for radiation
polarized perpendicular to this direction. The dichroic ratio,
D, is defined as
occur, the change in the magnitude of the stress was relatively
Ax.
is)
166
The dichroic ratio can also be expressed as (20)
D _ z(Au-Al) + 3AAV
where AQ (A) is the average absorbance at extention ratio A
defined as
An +2A± = 3A* (?)
The quantity (A
/; -AjJ is directly measurable from the differential
method.
The second order orientation function of polymer chains
in the stretched sample is defined as (34)
j= {3<cUe> -\) /2 (?)
where 0 is the angle between the stretching direction and the
axis of the chain segments. The relationship between £ and
the dichroic ratio for a particular absorption band is (35)
r R+2 P-'
c<?)T Pa - I P + 2
Here D0 13 defined as
(.10)
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where 4> is the angle between the chain axis and the transition
moment direction for the vibrational mode responsible for
the infrared absorption.
The crystalline infrared bands at 730 cm" 1 and 1^73 cm" 1
have their transition moments along the a-axis of the crystal,
so the orientation function of a-axis ( is
V73a +2
CO
and
£/«73 ~
j
P/«73 * 2
(12)
,o , _ibecause <p- 0 , Similarly, the band 1176 cm has its transition
moment along the c-axis of the crystal, consequently the orien-
tation function of c-axis is
I = Si2fe
~ 1
ov
P„* + 2
The transition moment direction of the crystalline band 189^ cm
is perpendicular to the c-axis, but its exact direction is
uncertain. One can express the orientation of the transition
moment as
Tim ^
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If the transition moment is along the crystal a-axis as some
suggested (see Table II), the f l8Q^ is equivalent to j-^.
The amorphous bands at 1368 cm' 1
, 1352 cm" 1 and 1303 cm" 1
are each reported to have transition moments along the chain
axis (see table II), the amorphous orientation functions from
these bands can be expressed as
+L_ - (It)
1552
r' = z
1
— cj9j
According to current assignments (see Table II), Tmz should
characterize the orientation of amorphous gauche conformations
and 1 and 7. should be related to the orientation of
amorphous trans units, probably those isolated trans units
flanked by gauche units.
The amorphous band at 1078 cm" 1 has a transition moment
lying perpendicular to the chain axis. Since it may be rea-
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sonable to assume that the transition moment has equally pro
bable orientation around the chain axis, we have from eqs. 9
and 10
hons ~ z ~ — US)
+ 2
$i*7S Probabl y characterizes some average orientation of both
gauche and trans sequences.
The band at 2016 cm"
1
has been attributed to both crystalline
and amorphous phases. The crystalline component has transition
moment along the c-axis. It has been shown that, for a uni-
axially stretched sample, the dichroic ratio of the amorphous
component is given as (26)
9* iL -
and
i
t s
where
^azAiL and is<W are extinction coefficients of pure
0
crystal. The value of ( tk/Zo/i / Q* Mn ) is found to be 1.27
for polyethylene (26).
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2. X-ray
The orientation function of the crystallites in uniaxially
deformed polyethylene, following eq. (8), can be expressed as
Ja - — C2I)
ty s o C22 >2.
z
where 0A , Qy and &c are the angle which a, b and c axes,
respectively, make with the stretching direction. It has been
shown (3*0 that
Therefore anly the orientation functions of two crystal axes
are needed to characterize the crystll orientation. The quantity
£C*£B} ' refered to as orientation parameter, can be evaluated
from pole figure data by the relationship (36)
)
2
Jft) C*±6^& J$
r
"0
where X(&) is the intensity of the diffraction peak for the
selected crystal plane when the fiber axis is at an angle 6 .
In the case of polyethylene, generally only the intensity of
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110 and 200 peaks is high enough for a convenient measurement.
It has been shown, however, that the orientation parameter of
b-axis, <4n~ 0b > , can be determined by the relation (36)
and since .\ > * t >
then ^Cn. &
c > can be obtained by
RESULTS
1. Superstructure of Undeformed and Deformed Sample
The small angle light scattering patterns (Hv) of the
undeformed and deformed samples are shown in Figs. 7, 8 and 9,
The Hv scattering patterns of Q-saraple (Fig. 7) and SC-sample
(Fig. 8) of LDPE have the characterization four-leaf clover
appearance, each leaf having a maximum intensity. This indi-
cates that the superstructure is spherulitic (37), while the
Hv patterns of the HDPE sample (Fig. 9) also have the four-
leaf clover appearance, but it appears that the intensity maxi-
mum is at the center of the clover with decreasing intensity at
larger scattering angles. This indicates that the superstructure
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of the HDPE sample appears to be either highly disordered
spherulitic or rodlike (38).
When these samples are deformed up to kO % for the LDPE
samples and up to 20 % for the HDPE sample, the four-leaf clover
characteristic still remains. For the LDPE samples, the patterns
correspond to an affine deformation of the spherical spherulite
to an ellipsoid of revolution (39,^0). While for the HDPE
sample, the pattern seems to indicate that the superstructure'
as a whole was deformed. »
These results from light scattering give a fairly good, indication
that, at least within the mentioned deformation range, the
superstructures of the samples still maintain their entities.
Thus the orientation of structural elements must occur by the
deformation of the superstructure and by the orientation of the
structural units within the superstructure.
2, Effect Of Sample Thickness On Orientation
Figs. 10 and 11 show the plots of D2qi6 vs « elongation of
the ratio of the Q-sample and SC-sample of various thickness,
respectively, and Fig. 12 show the orientation function of the
will be discussed later. One may conclude from these results
that in the case of the Q-sample, the orientational behavior for
band , of the Q-samples of different thickness
at various elongation. Fig. 13 shows
elongation ratio? the slight difference in
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samples of thickness in the range of 0.003 cm-0.064 cm are the sar
For the SC-samples f although less evidence is available, from
the results of Fig. 11, it may be reasonable to assume that the
sample thickness does not affect the orientation. Perhaps these
results give a good indication that the thickness of these sample*
does not affect their morphology.
3. Orientation of Crystallites
(a) Infrared Measurements
The crystalline orientation determined by the absorption
bands 730 cm" 1 , 1^73 cm" 1 and 1894 cm" 1 is shown in Fig. 13.
The 730 cm" 1 and 1^73 cm" 1 are reported to have transition mo-
ments along the a-axis of the crystal unit cell (32, 33).
While the transition moment of 1894 cm" 1 band is in the direction
perpendicular to the c-axis (28), it has been suggested that the
transition moment is in the a-axis direction (26, 27, 29).
The results of Fig. 13 seems to be in agreement with the latter
assignment. The values of orientation function measured by the
730 cm"
1 band and 1^73 cm" 1 band are not in exact agreement.
This is mainly due to overlapping with neighboring bands.
After correcting for band overlapping, using the procedures
described above, the orientation functions determined from
730 cm" and 1^73 cm" 1 are in better agreement with that obtained
from the 189^ cm" 1 band as shown in Fig. 14.
Fig. 15 shows the orientation function of the c-axis,
measured from the band 1172 era"1 , and that of the a-axis,
measured from the band 189^ cm" 1
, of Q-sample and SC-saraple
of LDPE. Fig. 16 shows the crystal orientation functions of
the HDPE sample. These results indicate that, while there are
slight differences in crystal orientations of these samples,
the general trend of crystal orientation is similar despite the
difference in morphology of these samples.
(b) X-ray Measurements
The crystal orientation functions of the c-axis and a-axis
measured by x-ray, using the three methods described above for
correcting amorphous contribution, are plotted against those
measured by infrared dichroism in Figs. 17 and 18. I, II and
III correspond to the results obtained by applying the correcting
limit of the orientation function obtained by x-ray technique
because of the neglect of the amorphous contribution to the
scattering intensity. It appears that the crystalline orien-
tation obtained by the x-ray technique is higher than that
obtained by IR technique. This will be discussed later.
4. Orientation of Amorphous Phases
(a) Infrared Measurement
The amorphous orientations of Q-sample and SC-sample of
LDPE, determined from the dichroic ratios of 2016 cm" 1 , 1368 cm
1352 era , 1303 era and 1078 era" 1 bands are shown in Figs. 19
and 20, and the amorphous orientations of HDPE, obtained from
the dichroic ratios of t0l6 cm" 1 and 1078 cm" 1 bands, are shown
method 1, 2 and 3, respectively.
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in fig. 21. The orientations obtained from the bands 1368 cm" 1
,
1352 cm" 1 and 1303 cm* 1 are generally relatively small, and
thus the orientations from these bands were not measured in the
case of HDPE.
(b) X-ray Measurement
The fact that molecular chains in the amorphous phase are
orientated on the deformed state is shown in Pig. 22, in which
scattering intensity measured from the amorphous halo of the
x-ray scattering at the scattering angles 17.8° and 15.6° and
at various azimuthal angles was plotted for sample of different
elongations. One can see that the intensity curves measured at
17.8° are different from those measured at 15.6°. It is evident
that the effect of amorphous orientation affects the shape of
the intensity distribution of the amorphous halo, which is no
longer symmetric in the deformed state. Therefore any procedure
for correcting for the amorphous contribution to the intensity
measured at the crystalline peak with the assumption of a symme-
tric amorphous halo will not be correct.
5. Stress-strain Relationship
The stress-strain data for the LDPE and HDPE samples are
shown in Figs. 23 , 2^ and 25. The stress shows a steep increase
at elongation less than 10 %, then the stress increases almost
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linearly with the elongation. The initial slopes are
6 X 10^ g/cra2 and 18 X 10^ g/cm2 for the Q-sample and SC-
sample of LDPE, respectively, and 2k X 10^ g/cm2 for the HDPE
sample, wnile the yield stresses are 0.7 X 10^ g/cm2 and5/21,0 X 10 g/cm for the Q-sample and SC -sample of LDPE and
1,2 X 10^ g/cm2 for the HDPE sample. The slope of the stress-
strain curve after yield is approximately the same for these
three samples,
DISCUSSION
1. Comparison of Crystalline Orientations Obtained by Infrared
Dichroism and X-Ray Diffraction
The results of Figs. 13 and 1^ seems to lend support for
the assignment that the transition moment of 189^ cm" 1 lies in
the direction of the crystal a-axis. The evidence also indicates
along with the results shown in Figs. 10, 11, that sample thick-
ness does not affect the molecular orientation in these samples.
Thus the disagreement between the crystalline orientations
measured by polarized infrared and x-ray diffraction, as shown
in Figs. 17 and 18, needs another explanation.
According to the theory developed in Chapter 4, corrections
must be made for experimentally measured dichroic ratio for
internal field and birefringence effects. In the case of polyethy
lene crystal, the internal field effect can be neglected for
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the bands having transition moments along the crystallographic
axes, assuming the internal field is only a local effect.
Consequently, only the birefringence must be considered. Using
the refractive indices of polyethylene crystal, which may
represent the limit of the refractive indices of the deformed
polyethylene, it is estimated that the correction for birefringence
effect amounts to only 4 % change in dichroic ratio.
On the other hand, the crystal orientation functions from
x-ray greatly depend on how the amorphous contribution was
corrected, as illustrated by the results of Figs, 17 and 18,
The difficulty involved in correcting the amorphous contribution
is that one is not able to directly measure the amorphous
contribution, rather one has to use the indirect correcting method
as described. These indirect correcting method may not be
valid because the amorphous phase is oriented in the deformed
state, as shown by Fig. 22 1 thus even though the amorphous halo
is symmetry in the undeformed state, it may not be so in the
deformed state because of the orientation of molecular axes
having different correlation distances are not equal.
From this discussion, it appears likely that the crystal
orientation measured by polarized infrared is closer to the
true value of crystal orientation. However, one must also
bear in mind the possibility that the transition moments of
these crystalline absorption bands may not be exact along the
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axes of the unit cell, particularly for the bands 730 cm' 1
,
1^73 cm-1 and 189*+ cm" 1
.
In this respect, it may be desirable
to measure the orientation function of a nitric-acid-etched
single crystal mat which contains only the crystal core, thus
the amorphous contribution is negligible. Comparison of the
crystal orientation of such a single crystal mat measured by
polarized infrared andby x-ray may be able to determine experi-
mentally the direction of the transition moments of the absor-
bands
.
2, MorpholOjPy and Orientation
(a) Crystalline Orientation
The crystal orientation, particularly for a spherulite,
is a composite process involving the deformation of the super-
structure and various crystal reorientation processes occurring
within the superstructure. The orientation, then, will cer-
tainly be affected by the morphology of the sample.
Figs. 15 and 16 show the crystal orientation vs. elongation.
The HDPE sample has a shish-kebah or rod-like superstructure,
as indicated by the light scattering pattern (Fig. 9). To
describe the orientation of such a sample, the Kratky floating-
rod model (41) may be used; however, in view of the high crys-
tallinity of this sample, this model may not be sufficient to
describe the crystal orientation under deformation because the
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crystallites are not individually embeded in the amorphous
matrix, rather they may form complicated aggregates. Thus
we shall not elaborate further on the orientation of this
sample in terms of various crystal reorientation processes,
except pointing out the observations that, at low elongation
(40 %) , fa and ^ are about equal, this seems to contrast
the behavior of the spherulite, in which in general the orien-
tation of b-axis is less than that of a-axis at low elongation.
The orientation of the LDPE samples, which have spherulitic
superstructure as indicated by the light scattering patterns of
Fig. 7 and 8 is shown in Fig. 15. The magnitude of
-fc
is
always positive and those of and are negative. This
indicates that, upon deformation, the c-axis tends to align
along the stretching direction and the a-axis and b-axis incline
to align perpendicularly to the stretching direction,
-f-^ seems
to be higher than
-fy for both samples, and the orientation of
the Q-sample of LDPE is higher than that SC-sample.
As we mentioned earlier, the crystal orientation is a com-
posite process involving the deformation of the superstructure
(spherulite) and various reorientation processes occurring
within the superstructure. Yoon and Stein {k2) have developed
a theory in which they included three crystal reorientation pro-
cesses along with an affine spherulite deformation. These three
crystal reorientation processes are* (1) The interlamellar slip
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involving twisting of the lamellae about the spherulite radial
direction. (2) The chain tilting process in which the lamellae
are tilted with respect to the crystal plane. (3) The rotation
of b-axis toward the plane defined by the c-axis and the
spherulite radius. The theory demonstrated that with proper
choice of parameters associated with each process, the orientation
behavior of the spherulite can be described by the theory very
well (k2).
Since the b-axis originally aligns along the radial direction
of the spherulite, the deformation of spherulite without crystal
reorientation processes occurring will result in a positive
orientation function of b-axis. Thus the reorientation processes
are to increase the orientation of c-axis in the direction of
stretching and to bring the orientation of b-axis back to the
direction perpendicular to the stretching direction. Based on
these considerations, it is apparent that if the effects of the
crystal reorientation processes are lower than that of the
spherulite deformation, the magriitueds of
-fc
and ^ will be
smaller, and that of ^ will be smaller, too, with negative
sign or even becomes positive in the case that the spherulite
deformation is the dominating process. Thus the influence of
the morphology will be reflected in the magnitude of
and
-fy .
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One can see from Fig. 15 that the Q-sample has higher absolute
values of
, ^ and
-f b , this seems to be a good indication
that the spherulite deformation has greater effect in the
SC-sample than in the Q-sample. In other words, the crystals
in the SC-sample are less able to reorient, and this results
are in agreement with the results from dynamic x-ray studies
(43,*j4), in which different orientation behaviors of the
Q-sample and the SC-sample (designated as H-sample in Ref. kj
and 44) were demonstrated. The conclusion that the crystals
are less able to reorient in the SC-sample is expected as a
consequence of sample heat treatment, which results in a more
perfect superstructure. Using these arguments, one may also
I conclude from the fact that
-f^ and are about equal for
the HDPE sample, as shown by Fig. 16, that the crystal orientation
processes are the dominating factors.
Based on the above discussions, one may expect that values
of the three parameters associated with the crystal reorientaion
processes in the Yoon-Stein formulation may depend on the
morphology.
(b) Amorphous Orientation
The orientation in the amorphous phase is highly conformation
sensitive as shown by the results in Figs. 19-21. These
observations have been qualitatively confirmed by a theory by
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Flory and Abe (^5), in which the strain-dichroism of various
chain segments having different conformations in a single chain
was calculated by employing the rotational isomeric statics.
More recently, Petraccone et al (^6) have calculated the
amorphous orientations in spherulites, using a Monte Carlo
computer simulation on a tetrahedral lattice. The Petraccone
et al '
s
formulation is believed to be more appropriate in explaining
the present results, becsuse it takes into account the effect
of crystallinity , initial lamellar separation, mole fraction
of bonds in amorphous chains of each type and chain lengths of
each type of amorphous chain. It should be pointed out that in
these theories, the orientation of C-G bonds, rather than the
orientation of chain axis or transition moment as in the case
of experimental results, was calculated. The latter theory
indicates that tie chains are the principal contributions to
amorphous orientation, and the chain segments of a trans sequence
conformation has the highest orientation.
The theory of Flory and Abe (^5) has been applied for the
study of the dichroism of the 2033 cm" 1 band of crosslinked
polyethylene at temperatures above the crystalline melting
point (21). They arrived at the conclusion that this band may
arise from a sequence of seven trans conformations. In the crss
crystalline polyethylene, the absorption band occurs at 2016 cm"
1
rather than at 2033 cm'
1
.
It is not certain about the reason of
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the shift in the frequency at present, assuming these two bands
arise from the same conformation.
Thus the high value of -j-26l ^ may be attributed to the
fact that this band arise from chain segments containing a trans
sequence. Moreover, it is estimated that a great fraction of
the trans sequences will be tie chains if the tie chain's total
length is equivalent to 100-150 C-C bonds (46). This is anotner
factor contributing to the high value of jZ(ti ^ , because the
orientation of the trans sequences in the loop and cilia is
r
smaller as compared with that in the tie chains.
Flory and Abe (45) have the opinion that the band 1078 cm" 1
may preponderantly arise from gauche bonds because of the small
transition moment from the vibration of the trans bonds. We feel
that due to the high dichroism of the trans-sequence conformation,
the contribution to
"fjoyg from the trans bonds may be significant?
this may also explain the fact that
•f'/ojf is much higher than
^135-2 * wn i-ch is due to the orientation of the GG bonds.
The fact that the trans bonds and the gauche bonds may have
different transition moment at 1078 cm" 1 means that
-f(07^ can
not be uniquely related to molecular orientation.
The value of j-^o} is verv small at all elongations and :fj3£"2
and fi^S • while higher than -f|^3 . are about equal. The
1352 cm" 1 and 1368 cm" 1 are strongly overlapped 1 this may be
the reason that and $\152 are eQual » The 1 368 c™"
1 and
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1303 cm bands are assigned to the same (GTG) chain conformation.
Flory and Abe (45) have shown that, assuming the transition moment
is in the direction perpendicular to the planes of two CH2 groups
on either side of the trans bond, the 1303 cm" 1 band has almost
zero dichroism with respect to the chain end-to-end vector despite
a fairly high negative dichroism of the trans bond in the GTG
conformation (Petraccone et al have also arrived at the similar
negative dichroism for the GTG conformation (46)). Thus one
may expect a very small J 1303 in the deformed spherulite. This
also suggests that the 1368 cm" 1 has its transition moment in
a direction different from that of the 1303 cm-1 band and results
in a higher dichroism in the deformed spherulite.
The effect of morphology on the amorphous orientation is
shown by the higher amorphous orientation of the SC-sample of
LDPE than that of Q-sample, as shown in Figs. 19 and 20. The
difference is most eminently shown by-£ 20l6 311(1 f 1078 of
two samples.
According to the theory developed by Petraccone et al (46),
the orientation in the amorphous phase is related to the mole
fraction of bonds of each amorphous type, i.e. tie chain, cilia
and loop, etc., the chain length of each of these type, the
cyrstallinity of the spherulite, and the initial interlamellar
spacing. Practically, for the orientation of bonds in a trans
sequence conformation, it increases as the number of C-C bonds
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in the amorphous chain decreases.
The crystallinity of the SC-sample is slightly higher than
that of Q-sample. However, since the difference is only 2 %,
one does not expect that this will have great effect on the
orientation. Similarly, the initial interlamellar spacings for
the two samples are about the same as having been confirmed by
small angle x-ray results.
The LDPE is highly branched, as evidenced by the high
absorbance of the band 1375 cm , which is assigned to the mode
of CH3 group (27) as shown in Fig. 2. The fact that the Q-sample
and the SG -sample have almost the same crystallinity seems to
indicate that branching is the factor limiting the crystallinity,
because in the case of high density polyethylene, different
thermal treatment generally results in significantly different
crystallinities (for example, see the results in Ref. ^7). This
means that the sections of polyethylene chain which are branched
form folded-chain crystals with difficulty, thus putting a
limiting factor for increasing crystallinity by thermal treatment.
Those sections of polyethylene chain which have sufficient length
without branching will be capable of forming folded-chain crystal
and give rise to the slight increase in crystallinity by
thermal
treatment. The tie chains formed by these chain sections
are expecte
to be tauter in the SC-sample than in the Q-sample,
because in the
SC-sample, each chain may form more folds and the fold
length
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may be longer. A consequence of the taut chain is that the popu-
lation of chain segments of trans sequence conformation will
increase (^6). The number of the tie chains, cilia and loops
may not be very different in trie SC-saraple and the Q-sample.
Thus it seems reasonable to conclude that the higher value
of f20l6 for the sc ~samPle is "the result of the taut tie chain,
while the relatively high value of J"io?8 may be attributed to the
higher orientation of bands in the trans sequence conformation of
the taut tie chains and the higher population of these chain
segments
.
The amorphous orientation of the HDPE sample shows the pecu-
liar negative
^20l6 ^ elongation less than 30 %, As shown by
Petraccone's theory, (^6), the bonds in a trans sequence confor-
mation in the tie chains and in the cilia will contribute to a
positive ^"2016 while "those in the loops will contribute to a
negative /20l6» 0ne may speculate that this is the reason for
the negative
-j'zoid*
3, Orientation and Stress-Strain Relationship
There has been reported a good correlation between molecular
orientation and the stress-strain relationship of polyethylene (16).
However, these samples probably had a special morphology due to
the processing as shown by the orientation measured in the undeformed
state
.
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Andrews and coworkers (15) have investigated the deformation
of irradiated polyethylene single crystal, unirradiated and ir-
radiated bulk polyethylene. They came to the conclusion that
(1) the initial slope of the stress-strain curve before yield
for samples of intermediate crystallinity depends on the crys-
tallinity and the morphology, and for samples of low crystalli-
nity (less than 30 %) and high crystallinity (higher than 65 %)
it depends on the crystallinity? (2) there is a good correlation
between the crystallinity and the yield stress, thus the yield
point may represent the point of breakdown of areas of mechanical
attachment between lamellar surfaces or the breakdown of inter-
lamellar attachment 1 (3) beyond the yield point, the deformation
is largely controlled by the rubber-like amorphous regions for
samples of low crystallinity, and by lamellar deformation for
those of high crystallinity.
For the three samples we have investigated, the stress, as
shown in Figs. 23-25, rises steeply before the yield. Beyond
the yield, the stress rises quite gradually with the elongation.
On the other hand, the crystalline orientation and the amorphous
orientation, except the peculiar
^2016 °^ ^e *®PE sample, show
monotonical increase with elongation and there is no change in
orientation parallel to that in stress-strain, as one can see
from Figs. 15, 16, 19-21.
The initial slopes of the stress-strain curves for these three
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samples increase as the crystallinity of the sample increases.
However, although the crystallinity of the SC-sample is only
2 % higher than that of the Q-sample, the value of initial slope
for the SC-sample is about 3 times higher than that for the
Q-sample. Thus the effect of morphology on the magnitude of the
initial slope is clearly demonstrated. The yield stress shows
similar dependency upon the crystallinity and the morphology
r
the increase in yield stress follows the order of increase in
sample crystallinity and the increase in the yield stress of
the SC-sample of 14 % over that of the Q-sample is far greater
than can be expected from the consideration of increase in
crystallinity alone.
The molecular orientation function expresses the average
orientation of the molecular elements within the superstructure.
Thus it is likely that, while the local molecular orientation is
very high, the average molecular orientation is still quite low.
This is to be expected, particularly in the equatorial regions
of the spherulite where the lamellae have to come apart in
response to the stress as has been experimentally observed (6).
The amorphous orientation in the equatorial regions may be very
high even at fairly low elongations. At further elongation,
plastic deformation in the lamellae in this region will occur
because the tie chains in the amorphous regions are highly extended.
In the meridian regions, probably crystal plastic deformation
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will occur along with the amorphous deformation as the defor-
mation starts. According to Kajiyama and Takayanagi (9), defor-
mation in the intermosaic regions is the dominant mechanism
occurring in the lamellae at 30°C.
Thus the initial slope of the stress-strain curve may be
related to amorphous orientation, particularly the orientation of
the tie chains, and the deformation in the intermosaic regions.
This may explain the fact that the initial slope of stress-strain
curve of the Q-sample is much lower than that of the SC-sample,
although the crystallinities of these two samples are about the
same, because the orientation of the tie chains is higher and
the crystal is less able to reorient in the SC-sample, as dis-
cussed previously. The fact that the crystal in the SC-sample
has lower orientation also reflects the fact that the lamellae
are more perfect and it is less easy for the intermosaic regions
to slip past each other. Moreover, the HDPE has the highest
initial slope of the stress-strain curve because this sample
has the highest crystallinity, thus quite extensive plastic
deformation in the lamellae may be expected in the range of
deformation before yield.
The yield point may represent the point at which the lamellae
are broken into smaller mosaic blocks, at least in the equato-
rial regions. Consequently, the yield stress depends not only
on the crystallinity but also on the thermal treatment of the
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sample. This may also be the reason that the slope of the
stress-strain curve after the yield point is approximately the
same for these three samples despite difference in crystallinity
and thermal treatment.
One may conclude that, while there is no simple correlation
between the stress-strain relationship and the average molecular
orientation, the stress-strain curve of polyethylene can be
explained satisfactorily in terms of the local orientation with
consideration of the deformation mechanisms. In this connection,
it may be fruitful to measure the local molecular orientation
as a function of elongation, and to measure the sizes of mosaic
blocks by low angle x-ray and to observe the sizes of the broken
small crystalline blocks in the deformed state by the detachment
replica technique, thus one can have solid experimental evidences
to reveal the complicated structure-property relationship of
spherulite
.
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TABLE I CHARACTERIZATION OF SAMPLES
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M8011
Thermal Density
Treatment (g/crrH)
Slowly
Cooled
from 165°C
0.923
Crystal
Unity
Spherulite
Size Cttm)
48 5.4
Long *
Period
(A )
Lamellar**
Thickness
(A0 )
132 71
Quenched 0.920
in Dry-ice
Methanol
Bath
46 2.5 116 72
MPE220/27007 Quenched 0.931
in Dry-ice
Methanol
Bath
53
* Slit desmeared and Lorentz corrected.
** Tsvankin corrected lamellar thickness.
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TABLE II ASSIGNMENTS OF IR BANDS OF POLYETHYLENE
Frequency Phase
(CM- 1 )
2016
189^
1368
1352
A,C(26)
C(l8,26)
Assignments
Combination between the Raman active twisting mode
and IR active rocking modes of CH2 (27-28). The
crystalline component has a transition moment
parallel to C axis (27,28). The amorphous compo-
nent may be due to extended trans sequences (21,27)
and the transition moment is parallel to the chain
axis (28)
.
Combination between the Raman active and the IR
active rocking modes of CH2 (27-29). The band
is polarized perpendicular to C axis (28). It
has been suggested more recently that the transi-
tion moment is along a-axis (26,27,29).
CH2 wagging in GTG or GTG ' conformation. The
transition moment direction is uncertain from
the assignment (30).
CH2 wagging mode in the gauche conformation (27)
or in the GG conformation (29). The transition
moment is perpendicular to the plane of CH2 group
(Continued)
Assignments
A CH2 twisting mode in the gauche conformation (27)
or CH2 antisymmetric wagging in GTG or GTG * with
the trans bond as center (30). The transition
moment is parallel to the chain axis.
A Stretching mode of skeletal C-C bonds of both
trans and gauche conformations (27). The transi-
tion moment direction is perpendicular to the
chain axis (31 )
.
C CH2 in phase bending mode (27.32). The transition
moment direction is parallel to a axis,
C CH2 wagging mode (27,31). The transition moment
direction is parallel to c axis,
C CH2 in phase rocking mode (27,32). The transition
moment is along a axis.
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CAPTIONS TO THE FIGURES
1. Schematic diagram of the infrared spectrophotometer. The
sample is placed at the position of P-3 or P-2 and the
polarizer is placed at P-4 for the single-polarizer tech-
nique. The sample is placed at P-l and the two polarizers
are placed at P-2 and P-3, respectively for the differential
technique
.
2. Infrared spectrum of low density polyethylene. The sample
thickness used, and the base lines, are indicated for the
different spectral regions.
3. Infrared spectra for oriented quenched polyethylene films
in various spectral regions. Elongation ratios and sample
thickness are indicated.
4. Differential spectra for an oriented polyethylene film stretched
by kQ % in various spectral regions. The ordinate expresses
the ratio of the transmitted intensity with the beam polarized
parallel and perpendicular (I x ) to the stretching direction.
The dotted line represents the base line.
5. The intensity of x-ray diffraction of a quenched polyethylene
film as a function of scattering angle (26). The amorphous
halo is assumed to be symmetric with respect to the peak
maximum (I 0 ). Il and 1^ as well as I 2 and 1^ are intensity
on opposite side of the amorphous peak maximum but at equal
distances from it.
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6. Stress relaxation of polyethylene samples stretched at a
rate of 3 ^ per min.
7. Hv light scattering patterns of LDPE-Q sample.
(a) Undeformed sample. (b) Sample stretched 40 %,
P is the direction of polarizer and A the direction of
analyzer. S is the stretching direction.
8. light scattering pattern of LDPE-SC sample.
(a) Undeformed sample, (b) Sample stretched 40 %,
P is the direction of polarizer and A the direction of
analyzer. S is the stretching direction.
9. Hy. light scattering pattern of HDPE sample.
(a) Undeformed sample. (b) Sample stretched 20 %.
P is the direction of polarizer and A the direction of
analyzer. S is the stretching direction.
10. Dichroic ratio of LDPE-Q samples of various thickness as
a function of elongation ratio. The absorption band is 2016cm"
1
.
11. Dichroic ratio of LDPE-SC samples of various thickness as
a function of elongation ratio. The absorption band is 2016cm"
1
.
12. Orientation function of LDPE-Q samples of various thickness
as a function of elongation ratio. The absorption band is
1894 cm" 1 .
13. Orientation function of LDPE-Q samples as a function of
elongation ratio. The absorption bands used are 730 cm"
1
,
1473 cm" 1 and 1894 cm" 1 . The absorption coefficients were
not corrected for bandoverlapping.
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14. Orientation function of LDPE-Q samples as a function of
elongation ratio. The absorption bands used are 730 cm" 1
,
1473 cm' 1 and 1894 cirr*. The absorption coefficients of
these bands 730 cm" 1 and 1473 cm-1 were corrected for band
overlapping as described.
15. Crystalline orientation functions of LDPE-Q and LDPE-SC
samples measured by infrared dichroism technique. The
1176 cm" 1 band was used to determine
^c
and the 1894 cm" 1
band to determine^. Solid points represent LDPE-SC and
open points represent LDPE-Q.
16. Crsystlline orientation functions of HDPE samples measured
by infrared dichroism technique. The 1176 cm" 1 was used to
determine
-fc
and the 1894 cm" 1 to determine
-f
.
17. Orientation function of c-axis of LDPE-Q and LDPE-SC samples
measured by x-ray diffraction plotted against that obtained
by infrared dichroism. Solid points represent LDPE-SC and
open points represent LDPE-Q. jl^.and j}* 1 indicate
that is obtained by x-ray diffraction using method (1),
( 2 ) and ( 3 ) to correct the amorphous contribution to the
scattering intensity as described. The straight line
represents the line £ c = f c (H?6 cm"
1
).
18. Orientation function of a-axis of LDPE-Q and LDPE-SC samples
measured by x-ray diffraction plotted against that obtained
by infrared dichroism. Solid points represent LDPE-SC and
open points represent LDPE-Q, £ a f ^ a and ^ a indicate
that ^ is obtained by x-ray diffraction using method (1),
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( 2 ) and ( 3 ) to correct the amorphous contribution to the
scattering intensity as described. The straight line represents
the line f a = f a (189*0.
19. Amorphous orientation of LDPE-Q samples obtained by infrared
dichroism technique as a function of elongation ratio.
20. Amorphous orientation of LDPE-SC samples obtained by infrared
dichroism technique as a function of elongation ratio.
21. Amorphous orientation of HDPE samples obtained by infrared
dichroism technique as a function of elongation ratio.
22. The intensity of x-ray scattering from the amorphous regions
of LDPE-Q samples as a function of azimuthal angle at varoous
elongation ratios. The intensity was measured at two scat-
tering angles (29) i 17.8° and 15.6°. The intensity is
normalized to same sample thickness.
23. True stress of LDPE-Q sample as a function of elongation
ratio
.
2k, True stress of LDPE-SC sample as a function of elongation
ratio.
25. True stress of HDPE samples as a function of elongation
ratio
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CHAPTER VI
CHANGES IN INFRARED DICHROISM AND
BIREFRINGENCE DURING RELAXATION OF LOW DENSITY POLYETHYLENE
SYNOPSIS
Quenched low density polyethylene was stretched at rates
of less than 500 # sec" 1 and higher than 1100 % sec" 1 . The
changes in infrared dichroism and in birefringence were measured
during and after stretching. It was found that for samples
stretched at rates less than 500 % sec" 1 the molecular orien-
tation, as shown by infrared dichroism and birefringence, could
follow the strain without any delay, but for samples stretched
at rates in the range of 1100 % sec" 1 and 1400 % sec" 1 , the
molecular orientation lagged the strain by about 10 msec for
samples stretched about 40 %,
The stress relaxation for samples stretched at a rate of
380 % sec* 1 was measured. It was concluded that molecular orien-
tation was not associated with stress relaxation. Various mecha-
nisms of stress relaxation %vere discussed.
INTRODUCTION
Deformation of a crystalline polymer produces a change in
orientation of the crystalline phase and of the amorphous phase,
and may cause deformation within the crystals, too. The time and
temperature dependence of crystal orientation of polyethylene has
been extensively investigated (1-13). and it has been demonstrated
228
that the crystal orientation is a composite process in which
spherulite deformation and various crystal reorientation processes
occurring within the spherulite are involved. A phenome'AOlogical
theory has been developed (14) to account for the macroscopic
crystalline orientation functions of polyethylene in terms of
various deformation processes, assuming affine deformation of the
spherulite.
These deformation processes may be dependent on stretching
rate i thus a finite time is required for crystal orientational
change to take place. Consequently, if the polymer is stretched
at a high rate so that the structural changes such as the crystal
orientation can not follow the strain change, the orientation
function will reflect the time-dependent effect. This effect
has been observed for polyethylene using the x-ray technique (9)
and infrared dichroism (15) • Experimental studies of dichroism
changes during polymer relaxation were carried out using modi-
fications of commercial infrared spectrometers (15) and were
consequently limited to the study of changes occurring in time
periods longer than several seconds which were considerally
longer than those accessible by other techniques. One of the
purposes of the present work is to study the dichroism changes
following rapid stretching.
The stress is indicative of the resistance of polymer chains
in complying with the imposed strain. Orientation of the struc-
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tural elements such as crystal and molecular chain in the amor-
phous phase in response to the strain will relieve the excessive
stress bearing upon some parts of the molecules. If the struc-
tural changes such as those of crystal orientation cannot follow
the strain, large strains may concentrate on the tie chains
because they interconnect the lamellae. Bond rupture may occur
in these tie chains which results in stress relaxation, too.
This part of the thesis presents the work investigating the
molecular orientation following rapid stretching at different
rates using infrared dichroism and birefringence technique.
In order to correlate the molecular orientation and stress rela-
xation, the stress relaxation at 380 % sec" 1 strain rate was
measured. This strain rate was the highest one attainable by the
equipment used.
EXPERIMENTAL
The Q-sample of low density polyethylene (LDFE) was used.
The preparation and characterization of this sample were presented
in the previous Chapter. The SC-sample and the HDPE samples
were not used because these samples were too stiff, and it was
difficult to stretch these samples up to 20 % which was necessary
to have a significant change in dichroic ratio because of the
high noise of the fast response detector used.
The polarized infrared studies were carried out with a fast-
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response dichroisin apparatus constructed for this purpose. The
detailed description of this instrument was presented elsewhere
(16-17). Dichroism changes of the absorption bands 1894 cm" 1
,
1473 cm* 1
, 1368 cm" 1 and 1352 cm" 1 following stretching were
studied. The assignments of these absorption bands were presented
in Table II of Chapter 5. The base lines used for calculating
the absorbance were indicated by the solid lines in Fig. 2 of
Chapter 5. The bands 2016 cm" 1 and 1078 cm" 1 were not included
in this investigation because for the former band the orientation
function of C-axis of the crystal, fc , measured under the exact
same conditions was not available for resolving this composite
band (see eq. 19 of Chapter 5), and for the latter band the
sensitivity of the detector was such that the measurement was
not possible. The slit width was set at 0.8 mm for the bands
1894 cm" 1 and 1473 cm" 1 , and at 1.2 mm for the bands 1368 cm" 1
and 1354 era"1 .
Fig. 1 shows the amplified output of the detector displayed
on a storage oscilloscope screen? Fig. la shows the oscilloscope
trace for a undeformed sample and Fig. lb shows that during and
following stretching. The zigzag trace occurs because of the
rotation of the chopping wheel which alternately diverts the beam
through a horizontally and a vertically oriented wire-grid infra-
red polarizers each 2.3 msec. Tne alternate peaks are of
different height because of the machine polarization. There is
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an overall periodicity in transmitted intensity resulting fr
the 12 sectors per revolution of the chopping wheel which shows
some variation in reflectivity from one sector to the next.
In order to correct for this difference, it is necessary to
identify the sector. This is done by referring to the position
of the missing signal in Fig. 1, obtained by blocking one of the
apertures of the chopping wheel. The superposed linear trace
on Fig. lb is the output from a potentiometer whose setting
varies with the distance between clamps of the stretching device
and serves as a measure of sample elongation. The stretching
is seen to occur linearly with time.
The absorbance is obtained from the true transmittance,
which is the ratio of the measured transitted intensity to the
baseline intensity at the same frequency. The baseline intensity
from the identical sector is obtained from the corresponding
transmitted intensity without a sample multiplied by the baseline
transmittance. The baseline transmittance was directly measured
from the ratio of the transmitted intensity at the frequency
on one side of the absorption band, as indicated in Fig. 2 of
Chapter 5# to the transmitted intensity without a sample at the
same frequency. This procedure of calculating the true transmi-
ttance simultaneously corrects the effects of variation in
reflectivity of the chopping wheel sectors and the machine pola-
rization of monochromater grating.
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For the band 1^73 cm" 1
,
a very thin sample (0.003 cm in
thickness) has to be used, and the baseline transmittance was
determined from the spectrum on the same type of sample obtained
with a conventional spectrophotometer. Possible changes in
baseline transmittance due to stretching of the sample was ne-
glected. For the measurement of other bands, the baseline trans-
mittance of the undeformed sample and that of the deformed sample
were measured. Possible changes in baseline transmittance due
to change in sample thickness, etc., caused by stretching were
assumed to follow a linear relationship and were obtained by
interpolation.
The birefringence was measured using the polarized light-
transmission technique. A Ne-He laser (Spectra Physics) was
used as light source and the sample was stretched between two
crossed polars with the stretching direction at to the pola-
rization direction of the polars. The output of the 1P21 photo-
multiplier tube was displayed on a storage oscilloscope screen.
The fraction of the incident light which is transmitted, T, for
a sample of thickness d and birefringence A between + 45° crossed
polars is
CO
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where X is the wavelength of light in vacuum, T is the turbidity
of the sample which represents light lost from the incident beam
due to scattering, and T0 is the transmittance in the absence
of macroscopic birefringence, which represents the transmittance
of the sample resulting from locally birefringent regions
such as spherulites. It was observed that the changes in the
turbidity due to stretching were relatively small, thus the
characteristic square sine curve of T vs. elongation (time in
this case) was preserved. From the maxima and minima of the
curve of T vs. time, the birefringence was determined as a
function of time.
The stress relaxation was carried out using a table model
instron (Instron Engineering Corp., Model TM) . The sample was
stretched at a rate of 38O % sec" to predetermined total elongation
and was then held at constant length while the stress was being
recorded
.
RESULTS AND DISCUSSION
(1) Sample Stretched At A Rate Less Than 500 % Sec" 1
Fig. 2 shows the dichroic ratio of the l*+73 cm" 1 band as
a function of time. The sample was stretched 25 % at a rate
of 400 % sec" 1 . The datum points were scattered considerably
in the transient region, this is because the absorption of this
band is quite high and the weak transmitted intensity results
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in very high noise to signal ratio. At longer times, the dichroic
ratios were obtained by averaging all the dichroic ratios mea-
sured during the time of the oscilloscope trace (0,2 sec),
thus the precision of the data is much better than that in the
transient region.
Fig. 3 shows the dichroic ratio of the 1894 cm" 1 band during
and following stretching. The sample was stretched 42 % at a
rate of 420 % sec" 1 .
As discussed in Chapter 5i the absorption bands 1473 cm" 1
and 1894 cm' 1 arise from the vibration mode of CH2 group in the
crystal and their transition moments lie in the direction of
a-axis of the unit cell. Thus the dichroism changes of these
two absorption bands indicate the orientation of the crystal
a-axis. The dichroism of these two absorption bands appears
to remain constant after the stretching was completed, as shown
by Fig. 2-3. This means that the orientation of the a-axis of
the crystal can follow the strain without any delay at the
strain rate of about 420 % sec" 1 . We were not able to obtain
the orientation of the crystal c-axis from the dichroism of the
absorption band 11 76 cm" 1 under the same conditions because of
low sensitivity of the detecting system.
The orientation in the amorphous phase following stretching
is shown by Fig. 4, in which the dichroism changes of the band
1368 cm" 1 was plotted against time. The film was stretched
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38 io at a rate of 470 # sec" 1 . One can see that after the stre-
tching was completed, there was no apparent change in the dichroisra.
Fig. 5 shows the oscilloscope trace of birefringence change
during and after stretching. Fig. 5a has a time scale of
20 msec/div and the upper trace of Fig. 5b is at a sweep rate
of 0.1 sec/div and the lower trace of Fig. 5b at a sweep rate
of lsec/div. It is clearly shown that the birefringence remained
constant after the stretching was completed. The birefringence
changes against time is plotted in Fig. 6 for samples stretched
at rates of 270 % sec" 1 (A = 1.20) and 470 # sec" 1 (A = 1.40).
The vertical dotted lines indicated the time when stretching
was completed.
Fig. 7 shows the stress relaxation for films stretched at
380 % sec" 1 . Fig. 7a shows film stretched 18 # and Fig. 7b
stretched 30 %, The stress relaxation can be divided into two
regions of fast decay and slow decay. Most of the stress relaxed
within the first three seconds, then it was followed by a slow
relaxation.
The results from infrared dichroism and birefringence show
no molecular orientation change after the stretching was completed.
Thus molecular orientation is not associated with the stress
relaxation.
Wool and Statton (18) studied the molecular mechanics of
highly oriented polypropylene during stress relaxation
and creep
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using the polarized infrared technique. They concluded that the
stress-transfer from non-aligned chains to aligned chains and
the rupture of very highly overstressed aligned chains were
responsible for the fast stress decay, and the disorientation
and the helix distortion (in case of polypropylene) were
responsible for the slow decay.
The sample has kS % crystalline material arid the crystalline
lamellae aggregate to form superstructure. The lamellae may be
connected to each other through direct crystal-crystal contact,
as a result of a branching growth of the crystal, and through tie
chains in the amorphous phase. As the sample is deformed, in the
amorphous phase the tie chains will extended, and in the crystalline
phase such deformation mechanisms like deformation in the intermosaic
regions (19), changes in crystal lattice (20), dislocation in
the crystal (21), and (001) (100) slip and (110) and (310)
twinning (22) have been reported to occur. All these processes
may be time-dependent and thus may be related to stress relaxation.
As the sample is rapidly deformed, some of the tie chains
may be fully extended and sustain very high stress. These chains
are the ones most likely to be broken. From the fact that the
birefringence remained constant after stretching indicates that,
if chain rupture did occur, these were probably only few tie
chains being ruptured, thus the birefringence of the sample
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It is also likely that after the stretching some tie chains
become highly extended, the stress may he relieved by the trans-
lational motion along the c-axis (which may involves the [OOl] (100)
slip, for instance) in the crystalline region. This will not
change the crystal orientation nor the birefringence and will
increase the orientation of the tie chains connected through
the lamellae to those highly extended tie chains. The number,
of such tie chains involved may not be very large, thus its
effect on the orientation function measured by infrared dichroism
using the bands I368 cm"* 1 or 135^ cm" 1 is not detectable, because
these bands have very low dichroism and measure the orientation
of all the chains in the amorphous phase including loops and cilia.
When the sample is rapidly stretched, the anchored points of
the tie chains on the lamellae are moved to new positions.
However, the configurations of the tie chains may not be readily
adjusted to the new states, thus some of the bonds in these tie
chains will be distorted to. bear excessive stress. The adjustment
of the configurations of the tie chains to the new states through
internal motions will result in stress relaxation. The internal
motions may have a distribution of relaxation times and some
of them may have quite long relaxation times. This can then
explain the slow decay of the stress. This process presumably
occurs within the same tie chain and will not significantly
affect the birefringence. This is because in the beginning
236
when the bonds are distorted, the deformation birefringence will
contribute to the total birefringence; as the chains reorient,
the deformation birefringence decreases while the birefringence
arising from reorientation increases, thus the total birefrin-
gence remains constant but there is a stress relaxation.
Other mechanisms which may account for the relaxation
without significantly changing molecular orientation may be
those of changes in crystal lattice (20) and deformation in the
intermosaic regions (19). Only slight changes in crystal lattice
will result in substantial reduction in stress without changing
the crystal orientation and the deformation in the intermosaic
regions will have the similar effects. Conceivably these pro-
cesses are all time-dependent and may be associated with the
stress relaxation. Furthermore other mechanisms like dislocation
assisted slip (21) and twinning (22) may also be associated with
the stress relaxation.
(2) Sample Stretched At A Rate Higher Than 1000 % Sec" 1
Fig. 8 indicates the dichroic ratio of the band 1894 cm-1
and Figo 9 that of the band 135^ cm" 1 as a function of time
following stretching. The films were stretched about 60 % at
a rate of about 1^00 % sec"
1
.
Fig. 10 shows the oscilloscope traces of birefringence
changes following stretching. Fig. 10a has a sweep rate of
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20 msec/div, and the upper trace of Fig. 10b has a sweep rate
of 2 sec/div and the lower trace of Fig. I0b has a sweep rate
of 0.1 sec/div. Fig. 11 shows the plot of birefringence change
against time for the film stretched k$ % at a rate of 1200 % sec" 1 .
It is not very certain that, from the results of Figs. 8-9,
there were a further changes in the orientation of the crystals
and the amorphous phase, because of the scattered datum points.
On the other hand, the results from the birefringence relaxation,
as shown in Fig. 11, clearly indicate that there was further
r
increase in birefringence after the stretching was completed.
The birefringence was relaxed within about 10 msec and
remained constant thereafter. For samples stretched at rates
higher than 1100 % sec" 1 , they all showed a time lag between
the stretching completion and the reaching of the final birefrin-
gence. This is a clear indication that the molecular orientation
can not follow the strain at such stretching rates. Such time-
dependence of orientation has been observed in high speed x-ray
relaxation (9). The effect was more pronounced in the x-ray
relaxation because the sample was stretched at a rate of about
Jj-000 % sec" 1 , about four times faster than what used in this work.
CONCLUSIONS
It is observed that, for the quenched low density polyethylene,
the molecular orientation can follow the strain for a sample
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stretched at about 500 % sec" 1 or so, and the molecular orien-
tation lags the strain for a sample stretched at rates of
1100 % sec' 1 or higher. Thus the rate-dependence of the mole-
cular orientation is clearly demonstrated. Because of the poor
precision of the present infrared dichroism technique, it is
not certain whether the crystal orientation or the amorphous
orientation or both are dependent on time.
By comparing the stress relaxation and molecular orientation
during relaxation, it is concluded that molecular orientation
is not the relaxation mechanism. It is suggested that bond
rupture, translational motion of crystal c-axis t relaxation of
tie chains to the conformations consistent with the new deformed
state or various crystal deformations such as changes in crystal
lattice, deformation in the intermosaic regions, dislocation
assisted slip and twinning may be responsible for stress relaxation
The results from the infrared dichroism are not able to
confirm the results from the high-speed x-ray relaxation for
these samples because of the present low precision of the infrared
dichroism technique.
According to the band assignments (see Table II of Chapter 5)
»
the band 2016 cm" 1 from the amorphous phase may arise from bonds
in a trans sequence conformation, such bonds may preponderantly
reside in the tie chains, and the band 1078 cm"1 comes from the
stretching of skeletal C-C bonds. Thus the dichroism changes
2kl
of these two bands during relaxation, particularly combining
with the kind of dynamic polarized infrared studies employed
by Wool and Statton, may provide valuable information concerning
the molecular mechanics. Furthermore, dynamic x-ray studies
of those various crystal deformation mechanisms supposedly
associated with stress relaxation may unveil the important
information concerning the role of the crystal in this regard.
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CAPTIONS FOR FIGURES
1. Oscilloscope trace of the variation of the transmitted
signal with time. Fig. la shows that of a undeformed sam-
ple and Fig. lb shows that during and following the 60 %
stretching of a 25-mil quenched low density polyethylene
film at 23°C The time scale is 20 rasec/div. The super-
posed smooth trace on Fig. lb indicates the strain change.
2. Variation of dichroism with time at 1473 cm" 1 during and
following stretching of a film of quenched low density
polyethylene at 23°G. The film was stretched 25 % at a
rate of 400 % sec" 1 .
3. Variation of dichroism with time at 1894 cm" 1 during and
following stretching of a quenched low density polyethylene
film at 25°C. The film was stretched 42 % at a rate of
420 % sec" 1 .
4. Variation of dichroism with time at 1368 cm" 1 during and
following stretching of a quenched low density polyethylene
film at 23°C. The film was stretched 38 % at a rate of
470 fo sec" 1 .
5. Oscilloscope trace of the output of 1P21 photomultiplier
following birefringence changes during and after the stretching
of a quenched low density polyethylene at 23°C. The sweep
rate for Fig. 5a. is 20 msec/div and 0.1 sec/div and
1 sec/div for the upper trace and for the lower trace of
Fig. 5b, respectibely
.
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6. Variation of birefringence with time during and following
stretching of a quenched low density polyethylene. The
upper curve shows the results from a film stretched 40 %
and at a rate of 470 % sec" 1 and the lower curve that
from a film stretched 20 % at a rate of 270 % sec" 1 .
7. Stress relaxation for two quencehd low density polyethy-
lene films. The one was stretched 18 f« at a rate of 380 % sec" 1
and the other was stretched 30 % at the same rate. The
stress was not corrected for change in sample cross-section
due to stretching.
8. Variation of dichroism at 1894 cm" 1 during and following
stretching of a quenched low density polyethylene film at
23°C. The sample was stretched 65 % at a rate of 1400 % sec -1 .
9. Variation of dichroism at 135^ cm" 1 during and following
stretching of a quenched low density polyethylene film
at 23°C. The sample was stretched 60 % at a rate of
1360 % sec" 1 .
10. Oscilloscope trace of the output of 1P21 photomultiplier
following birefringence changes during and after the stretching
of a quenched low density polyethylene at 23°C. The sweep
rates are 20 msec/div, 2 sec/div and o.l sec/div for Fig. 10a,
the upper trace of Fig. 10.6 and the lower trace of Fig. 10b,
respectively
.
11. Variation of birefringence with time during and following
stretching of a quenched low density polyethylene film.
The sample was stretched 45 $ at a rate of 1150 % sec" 1 .
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